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Geotechnical characterization has an important role in engineering geology as well as in 
implementation of any project. There are several variables and uncertainties involved in 
characterizing a project site. Four different sources of uncertainties represent the characterization 
of geotechnical variability, which include spatial variability, measurement error, statistical error 
and model bias. Spatial variability is expressed in terms of the mean, variance, and scale of 
fluctuation. Several statistical techniques such as the Gauge R & R, which includes X-Bar/R and 
ANOVA, and the Second Moment can be applied to compute site variability in terms of the 
coefficient of variations. Measurement error is evaluated using data extracted from several 
laboratory tests. Statistical error and model bias arise when a correlation model is selected to 
interpret specific data. To measure site variability in this research, tests were conducted using 
different devices in the box and at the field. Analyses were conducted using the Gauge R & R and 
Second Moment (SM), and variability is expressed in terms of standard deviations and coefficient 
of variations (COVs). While comparing variability from the box and the field tests, it is apparent 
that the COVs from the second moment are smaller than the COVs from the ANOVA method. 
Similarly, operator related variations show comparatively low values of the COVs than those 
generated from location/specimen related variability. Besides, analyses of variability from the box 
test indicate lower bound of coefficient of variations than the field tests. The under-constructed 
sections tested at LA highway exhibited higher values of COVs compared with the constructed 
sections at the Accelerated Loading Facility (ALF). In the case of laboratory tests, specimen related 
variability renders higher COVs than the operator related variability. The inclusion of variabilities 
into the practical applications, such as bearing capacity of shallow foundation and settlement 
xiv 
 






CHAPTER 1: INTRODUCTION 
1.1 Background 
Heterogeneity usually exists in soils, which contributes to the variation in soil type and properties. 
While observing at the microscopic level, soils are associated with different types of phases and 
can include minerals, gasses, ions and other non-mixable fluids and micro-organisms. Observation 
of soil variance at the macroscale, soil heterogeneity leads to geological processes of soil varying, 
which imparts soil spatial formation such as physical, chemical and biological weathering, 
deposition, consolidation, cementation, desiccation, leaching, diagenesis and so on. Inherent 
spatial variability of soil renders inescapable uncertainty in design (Lacasse and Nadim, 1996).  
While structural engineering deals with mostly homogeneous man-made materials, such as 
concrete and steel, geotechnical engineering has to cope with highly varied natural materials, soil 
and/or rock. As a result, high variance of the resistance of geotechnical structures (e.g., foundation, 
slope, earth retaining structures) is expected due to the horizontal and vertical spatial variations of 
soil properties at the site. Generally, the in-situ/laboratory testing is carried out at a fixed spacing 
(e.g., every 100 feet), which may be hundreds of feet away from the final constructed geotechnical 
structures. Compounding this variability problem is the fact that the accuracy and reliability of the 
measured data sets to be used in the design is sometimes unknown and not controlled. Therefore, 
geotechnical engineering often deals with many kinds of uncertainties that can result in either 
under-design, which can cause failure, or overdesign, which increases the cost, if these 
uncertainties are not considered properly in the design. 
Geotechnical variability is a complex property that arises from many different sources of 
uncertainties. The fundamental sources of geotechnical uncertainties are inherent variability, 
measurement error, and statistical bias. Inherent soil variability is described as a random field, 
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which can be described precisely by the coefficient of variation (COV), and scale of fluctuation. 
Measurement error arises when personal judgement is required to interpret data from in-situ tests 
such as Dynamic Cone Penetrometer (DCP). Measurement error is measured directly from 
laboratory testing programs. Statistical error is associated with choosing the best equation required 
to interpret collected data from a range of equations. Statistical uncertainty is expected to be 
significant, because the volume of soil sampled can be a large fraction of the volume of interest. 
These sorts of uncertainties can be lumped together and termed as total variability.  
There are different aspects of application for evaluating spatial variability in geotechnical 
engineering. Involving variability of lab tests can predict the probability of failure of bearing 
capacity of a shallow foundation. Assigning variability in slope stability analysis while 
maintaining loading combination from a definite standard code like American Association of State 
Highway and Transportation Officials (AASHTO) can provide a range of critical factor of safety. 
Besides, there are more applications of geotechnical engineering, where site variability can impart 
signification results as the benchmark for further use of geotechnical design.  
1.2 Research Objectives 
The main objective of this research is to evaluate the different sources of geotechnical variability 
and quantify the variability of soil properties for inclusion in the analysis and design of different 
geotechnical engineering systems. This generally includes: 
1. Evaluating operator-induced variations on design soil properties 
2. Evaluating equipment-induced variations on design soil properties 
3. Evaluating site/spatial variations of design soil properties 
4. Evaluating variability in practical application of design 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
This chapter covers a comprehensive review of all devices (i.e. Geogauge, Light Falling Weight 
Deflectometer, Dynamic Cone Penetrometer, Dirt Seismic Portable Analyzer, Plate Load Test, 
Nuclear Density Gauge and E-Gauge) used in this research study and field operation including a 
detailed analysis of site variability.  
2.2 Geogauge  
The Geogauge device, formerly called Soil Stiffness Gauge, is a hand-held Portable device that 
renders rapid and precise means of measuring soil stiffness and soil modulus. The development of 
this device was initiated by the Federal Highway Administration (FHWA) and the U.S. 
Department of Defense. The main aim of their initiative was to locate buried landmines. FHWA 
research program including the cooperation between Bolts, Beranek and Newman of Cambridge, 
MA, CNA consulting engineers of Minneapolis, MN and Humboldt introduced the Soil Stiffness 
Gauge (SSG) known as Geogauge (Fiedler et al. 1998), which is presented in Figure 2.1. 
 
 
Figure 2.1: Geogauge (Grainger, Inc) 
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The Geogauge device measures the in-situ stiffness of compacted soil at a rate of about 1.5 
minutes per test. It has an annular ring that connects soil with an outside diameter of 4.50 inches 
(114 mm), an inside diameter of 3.50 inches (89 mm), and a thickness of 0.50 inches (13 mm). 
Table 2.1: Technical Specifications of the Geogauge (Humboldt 2000c) 
Soil Stiffness Gauge 
Stiffness 
3 MN/m (17 klbf/in) to 70 MN/m (399 
klbf/in) 
Young's Modulus 26.2 MPa (3.8 ksi) to 610 MPa (89 ksi) 
Measurement Accuracy (typical, % of absolute) < + 5 % 
Depth of Measurement from 
surface 
220 mm (9 in) 
Calibration Laboratory 
Accuracy (% of actual mass) < + 1% 
Range (effective) 
4 MN/m (22.8 lb/in) to 16 MN/m (91.4 
lb/in) 
Power Source 6 D size disposable cells 
Battery Life Sufficient for 500 to 1,500 measurements 
External Materials 
Aluminum case & foot, rubber isolators & 
seal 
Vibration < 0.00005 in. @ 125 Hz 
Level Vertical  5   
Operating Temperature 0C to 38C (ambient) 
Storage Temperature -20C to 50C 
Humidity 98%, without condensation 
Gauge Dimension (w/o handle) 280 mm (11 in) Diameter 
Weight 
255 mm (10 in) Height 
Net 10 kg (22 lbs) 
Shipping, with case 16.8 kg (37 lbs) 
Standard Accessories Transit Case, 6 ‘D’ Batteries, User Guide 
 
2.2.1 Geogauge Principle of Operation 
The Geogauge device applies a dynamic force to the soil, which generates very small displacement 
(< 1.27 x 10-6 m or <.00005") at 25 steady state frequencies in 4 Hz increments  
between 100 and 196 Hz. The stiffness is determined at each frequency and the average is 
displayed. The entire process takes about one-and- a-half minutes. It is designed in a way such that 
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highway traffic will not have influence on its measurement as the frequency generated by traffic 
is as low as 30 Hz, which is below the operating frequency of Geogauge (Humboldt Mfg.  
Co., 1999).  
 The shaker applies a small force, and this force is transferred to the ground, which is 
measured by differential displacement across the flexible plate by two velocity sensors (Figure 
2.2). The expression can be expressed as follows: 
Fdr = Kflex * (X2-X1) = Kflex * (V2-V1)            (2.1) 
Where: 
Fdr = force applied by shaker 
Kflex = stiffness of the flexible plate 
X1 = displacement at rigid plate 
X2 = displacement at flexible plate 
V1 = velocity at rigid plate 
V2 = velocity at flexible plate 
Each layer that is assumed to be compacted in a construction site can be thought of being a spring, 




                (2.2) 
Where:  
Ksoil= stiffness of soil 











1 }           (2.3) 




Figure 2.2: Schematic of the Geogauge (Humboldt 1998) 
 
Several prior studies based on both finite element analysis and experimental studies 
indicated that Geogauge has an influence radius ranging from 9 inches to 12 inches (220 mm to 
310 mm) (Ahsan, 2015). 
2.2.2 Geogauge Stiffness and Moduli Calculation 
The elastic modulus of soil can be calculated from the measured Geogauge stiffness. If the soil is  
a linear elastic, homogeneous and isotropic half space, the relationship between the Geogauge  




               (2.4) 
Where:  
E = Modulus of elasticity  
7 
 
ν = Poison’s ratio   
R = Outside Radius of the Annular ring (2.25 inch) 
ω(n) = a function of the ratio of the inside diameter and the outside diameter of the annular ring. 




               (2.5) 
 Stiffness is measured with the Geogauge by assuming proper Poison’s ratio for the treated 
material. If Poison’s ratio is assumed to be 0.35, a factor of 8.67 can be used to convert Geogauge 
Stiffness (MN/m) into Stiffness Modulus (MPa). It is recommended from the Geogauge 
Manufacturer that Geogauge shouldn’t involve in testing if measured layer stiffness and in-situ 
moduli value are greater than 70 MN/m and 610 MPa, respectively. However, a study conducted 
by Chen et al. (1999) recommended that Geogauge shouldn’t be used with stiffness greater than 
23 MN/m as Geogauge may lose accuracy while measuring stiffness greater than 23 MN/m. Table 
2.2 presents the range and the typical value of Poison’s ratio for different types of materials. 
Table 2.2: Poison’s Ratios for Different Materials (Abu-Farsakh et al. 2004) 
Material Range Typical Value 
Portland Cement Concrete 0.15-0.2 0.15 
Untreated Granular Material  0.3-0.4 0.35 
Cement treated Granular Material 0.1-0.2 0.15 
Cement treated fine-grained soils 0.15-0.35 0.25 
Dense Sand 0.2-0.4 0.35 
Fine Grained Soil 0.3-0.45 0.4 
2.2.3 Geogauge Applications and Correlations    
 Geogauge is advantageous over other in-situ testing devices due to simplicity and quicker 
operating time and can be an appropriate tool for assessing QC/QA of pavement (Abu-Farskh et 
al., 2004; Gudishala, 2004; Kim et al., 2010). Apeagyei and Hossain (2010) adopted the Geogauge 
device to evaluate the quality of the base and the subbase constructed sections at Virginia. A 
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comparative evaluation was conducted by Quinta-Ferreira et al. (2012) for the assessment of 
stiffness modulus using the FWD and the Geogauge tested on a limestone, required for the base 
course of a highway pavement. They concluded that the Geogauge stiffness modulus can be 
correlated with dry unit weight. Ahsan (2015) used the Geogauge device for the field tests and 
suggested that the Geogauge device was capable of determining the in-situ stiffness modulus of 
pavement. Moreover, several researchers performed the Geogauge tests to evaluate the 
performance of earthworks (Ferreira, 2015; Nazarian et al., 2015; Arey et al. (2017). According to 
them, the Geogauge can be adopted as an appropriate tool due to its convenient and repeatable 
approach of direct measurement of soil stiffness, while stiffness is a governing factor in evaluating 
compacted earthfill instead of direct evaluation of measurements derived from density and 
moisture content.  
 Previously conducted studies show that no efforts have been made to correlate between the 
Geogauge modulus and the resilient modulus in the laboratory (Abu-Farsakh et al., 2004). But a 
comparison study was done by Petry et al. (2002) to correlate the resilient modulus and the 
Geogauge modulus. While conducting tests on the base layer, the FWD moduli show higher values 
than those the Geogauge moduli (Chen et al.,1999). Chen et al. (1999) suggested the following 
relationship between and the FWD back-calculated modulus, MFWD and the Geogauge stiffness: 
MFWD = 37.65 HG– 261.96                2.6 
Where, MFWD = Moduli measured with the FWD (MPa) and HG= Stiffness measured with the 
Geogauge (MN/m) 
 Gudishala (2004) proposed the following correlations between the resilient modulus and 
the stiffness modulus obtained from the Geogauge for cohesive soil:  






 with R2 = 0.67 for cohesive soil           2.7 
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MR = 20.3 * (EG)
0.54
 with R2 = 0.83 for granular material            2.8 
Where, MR = Resilient Modulus (MPa)  
EG = Modulus obtained from the Geogauge (MPa)  
w = water content (%)  
γ
d
 = dry density (KN/m3) 
 Abu-Farsakh et al. (2004) conducted researches on three in-situ testing devices (DCP, 
Geogauge, LFWD). They suggested models between the Geogauge and the Plate Load test (PLT) 
after conducting tests in the laboratory and at the field. The correlations are given below: 
EPLT(i) = -75.58 + 1.62(EG) with R
2 = 0.87              2.9 
EPLT(R2)= -65.37+ 1.50(EG) with R
2 = 0.90            2.10  
 
Where, EG = stiffness modulus obtained from the Geogauge, EPLT(i) = the initial modulus obtained 
from the Plate Load Test (PLT), and  EPLT(R2) = the reloading modulus obtained from the PLT. 
They also performed regression analysis to develop a model between the Geogauge stiffness 
modulus to the FWD back-calculated resilient moduli, MFWD.  
MFWD = -20.07 + 1.17*(EG)  with R
2 = 0.81             2.11 
Where, MFWD = the FWD back-calculated Modulus, and EG= stiffness modulus of the Geogauge 
 Abu-Farskh et al. (2004) also proposed a correlation between the Geogauge data obtained from 
the laboratory experiments and field testing and the CBR value, and the correlation is presented 
below:  
CBR = 0.00392*(EG)
2 -5.75 with R2 = 0.84             2.12 
 Wu et al. (2007) suggested the following equation between the back calculated resilient 
modulus from the FWD and the Geogauge Stiffness:  
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MR = 22.69 e
0.12*KSSG               2.13 
Where, MR= resilient modulus obtained from the FWD (MPa), and KSSG = stiffness obtained from 
the Geogauge (MN/m)  
 Quinta-Ferreira et al. (2012) conducted research on granular materials and proposed the 
following correlation between the Geogauge modulus and dry density: 
EG (MPa) = 0.0018 γd
3.76  with R2 = 0.82            2.14 
 Moreover, Lee et al. (2014) conducted laboratory tests using the Geogauge, the Dynamic 
Cone Penetrometer (DCP), the Plate Load Test (PLT), and the California Bearing Ratio (CBR) on 
three uncemented soil groups. Later, they conducted regression analysis and suggested the 
following correlation:  
EPLT(i) = 0.59*EG with R
2 = 0.65            2.15 
2.3 Light Falling Weight Deflectometer (LFWD) 
Light Falling Weight Deflectometer is a Portable device that measures deflection using falling 
weight, the degree of compaction and the dynamic modulus of soil. It was developed in Germany 
as an alternative to the Plate Load test to overcome accessibility problems for roads and highways 
under construction. There are different versions of Light Falling Weight Deflectometer currently 
used, which are based on different manufacturers and different countries, but they are following 
the similar principle. Previously conducted studies include German Dynamic Plate (GDP), the 
Transport Research Laboratory (prototype) Foundation Tester (TFT), and the Prima 100 LFWD.  
 The device, which is used in this research is the Zorn ZFG 3000 GPS, which is given in 
Figure 2.3. The manufacturer of Zorn ZFG 3000 GPS is German based, and it is the successor of 
Zorn ZFG 2000. It has three major elements- a pulse-inducing weight, the loading plate and a set 
of geophone sensors (one in the center of the plate and others in lateral positions; seismic velocity 
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transducers, accuracy ±2%, resolution 1 lm, frequency range 0.2–300 Hz to determine settlement) 
(Benedetto et al. 2012). Currently used LFWD in different studies are Zorn ZFG 3000, ZFG-01, 
PRIMA 100, and among others.   
 
Figure 2.3: Light Falling Weight Deflectometer (Smart-Systems, Inc) 
Light Falling Weight Deflectometer weighs 26 kg and has a 10 kg falling height, which 
impacts on a spring to create pulses of 18 milliseconds, and a guide rod (720 mm drop height) 
supported with lock pin and loading plate (100 mm, 200 mm and 300 mm). Specification of Zorn 
ZFG 3000 is presented in Table 2.3. 
Table 2.3: Specifications of Zorn ZFG 3000 (Zorn ZFG 3000 Manual) 
Mass of the falling weight 10 kg 
Mass of the guide rod including the spring 
element made of steel springs, lock pin of the 
falling weight, release mechanism and 
stabilizer 
5 kg 
Free Fall Height  720 mm 
Maximum amplitude of load pulse 
(calibrated) Loading Pulse Time  
7.07 kN 
18 ms 
Plate Diameter  300 mm, 200 mm & 150 mm 
Overall dimensions mass app.  180x80x45 mm³ 
Measuring range of deflection  0,2 to 30 mm ± 0,02mm 
Measuring range of the sensors  ±100 g 
Frequency range  0-500 Hz 
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(Table 2.3 continued) 
Mass of the falling weight 10 kg 
Temperature range  0 to 50 ° C 
Power supply 9,6 V, 5 Ah 
Battery pack power supply unit (8 x NiCd) 
Input 100-240V 50/60Hz 
Output 16-18V, 2,19A 
Automatic switch of after no use 4 min 
Battery voltage too low  7,6 V 
 
2.3.1 Principle of Operation 
During a test procedure, the loading plate measures the center deflection and LFWD elastic 
modulus. The measured deflection at the center of the plate was used to calculate the surface 




            (2.16) 
Where: k = π/2 or 2 for rigid and flexible plates, respectively; c = center deflection; ν = assumed 
Poisons ratio, σ = applied stress; and R = radius of the plate  
2.3.2 Application of the LFWD and Correlations 
Several studies were conducted before to evaluate the LFWD measurements for improved 
understanding of the in-situ application. The LFWD can be an effective measure to support quality 
control (QC) and quality assurance (QA) for pavement (Kavussi et al. 2010; Ebrahimi and Edil, 
2013; Nazarian et al. 2015; Umashankar et al. 2015). In addition, the LFWD can also be applied 
as a performance monitoring technique of different geotechnical structures (Singh et al. 2010). 
Besides, Kumar et al. (2017) performed field tests on modified subgrade in Gujarat, India to 
evaluate the LFWD as a stiffness-based quality control technique. They concluded that stiffness-
based evaluation utilizing the LFWD on modified subgrade soil could contribute to improving the 
effectiveness of quality control measures for low volume roads. Moreover, Volovski et al. (2018) 
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conducted a study to investigate the feasibility of using the LWD as an alternative tool to assure 
quality for the field tests of unbound pavement layers. According to them, the LWD can serve as 
a superior criterion to demonstrate the target values for quality assurance (QA).  
 Several researchers performed researches to develop correlations between the LFWD and 
other devices. Chen et al. (1999) proposed the following correlation between the LFWD and the 
Geogauge stiffness: 
MFWD = 37.65 HG– 261.96             2.17 
Where, MFWD = moduli measured with the FWD (MPa) and HG= stiffness measured with the 
Geogauge (MN/m) 
 Abu-Farsakh et al. (2004) conducted laboratory and field tests and proposed the following 
correlation between the back-calculated modulus obtained from the FWD, and the DCPI:  
ln (MFWD) = 2.35 + 
5.21 
ln (DCPI)
  with R2 = 0.91          2.18 
Where, MFWD = moduli measured with the FWD (MPa) and DCPI= Dynamic Cone Penetration 
Index. 
In addition, Abu-Farsakh et al. (2004) also proposed the following correlation between the CBR 
and the LFWD: 
CBR = -14 + 0.66 (EFWD)  with R
2 = 0.83            2.19 
 Adam and Kopf (2004) performed tests on cohesive soils and recommended a correlation 




 EFWD               2.20 








 with R2 = 0.72              2.21 
 Vennapusa and White (2009) proposed the following correlation between the Plate Load 
test and the LFWD: 
EFWD = 1.58 EPLT(i)                 2.22 
 Kavussi et al. (2010) performed tests on highway sections and recommended the following 
relation: 
CBR = −5.58 + 0.484 EPFWD with R
2 = 0.88            2.23 
Where, CBR = California Bearing Ratio and EPFWD = elastic modulus of the Portable Falling 
Weight Deflcetometer. 
  Rafiei et al. (2012) conducted laboratory experiments to find out a relationship 
between the LWD and moisture content. According to them, if 95 percent compaction criterion is 
selected, then the following equation can be utilized to measure the LWD modulus. 
EPFWD = 192.25 – 16.9w with R
2 = 0.76           2.24 
 Tirado et al. (2015) conducted extensive research using finite element analysis on two 
types of the LWDs and recommended the following correlation: 
ELWD-Dynatest = 1.65ELWD-Zorn with R
2 = 0.99            2.25 
2.4 Dynamic Cone Penetrometer  
Evaluation of performance and effective pavement construction demand an appropriate material 
characterization. In-situ penetration techniques have gained popularity due to its simplicity and 
low operative cost.  
The Dynamic Cone Penetration (DCP) test was first initiated in South Africa for evaluation 
of pavement strength.  In 1969, Dr. D. J. Van Vuuren introduced a new form of DCP with a 30° 
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cone. According to him, the Dynamic Cone Penetrometer is a tool to measure the in-situ shear 
resistance of soil as soil’s shearing ability is to withstand load when it is applied. In 1982, Kleyn 
et al. suggested based on DCP that there is a minimum strength or suitability of the base course 
when sound pavement section is compared with a failed pavement section. Since then, DCP has 
been comprehensively used in South Africa, United Kingdom, Australia, New Zealand and several 
states in the U.S.A. The DCP device has been adopted as an effective tool in the assessment of the 
strength of pavement and subgrade.  
The Dynamic Cone Penetration (DCP) test requires less time for field application, needs 
less maintenance and performs on a pavement with higher accuracy. Operation of DCP replaces 
manually driven mechanisms. One of the advantages of DCP than another in-situ test is that it can 
figure out the weak zone inside the pavement layer. Figure 2.4 and Figure 2.5 show the setup of 
the Dynamic Cone Penetrometer and the schematic of the Dynamic Cone Penetrometer, 
respectively. 
 





Figure 2.5: Dynamic Cone Penetrometer Schematic (ASTM D6951) 
The Dynamic Cone Penetrometer consists of 8 kg (22lb) weights, which falls freely from 
an upper shaft at a distance of 22.6 inches, and exerts dynamic energy of about 78.5 N. 
Specification of DCP are shown in Table 2.4.  
Table 2.4: Specification of DCP (Ahsan, 2015) 
Standard Hammer Mass  17.6 lbs (8kg) or 
  10.1 lbs (4.6 kg) for weaker soil 
Hammer Falling Height 22.6 inch or 575 mm 
Anvil  3.2 inch or 81 mm 
Driving Rod Diameter  16 mm 
Lower Shaft (Typical) 39.4 inch or 1000.76 mm 
Replaceable Cone Apex Angle  60 degrees 






2.4.1 Principle of the DCP Test  
The Dynamic Cone Penetrometer test is executed by dropping a hammer of a specific weight with 
a certain height, which resembles characteristics of both SPT and CPT. DCP includes features of 
SPT in a way that both tests require penetration depth per blow up to a certain depth. In the DCP 
test, a cavity is created by using a 60˚ cone, which is similar to CPT. 
The Dynamic Cone Penetrometer can take continuous measurement of the subgrade and 
pavement layers. The free-falling weight impacts on an anvil and the cone penetrates into the 
ground. The cone attached to the lower shaft needs to be replaced after one test. The entire process 
is repeated until the desired depth is achieved and the penetration depth for each blow is measured 
for each hammer drop. 
2.4.2 DCP Penetration Index (DCPI) 
In order to determine the layer thickness, the slope of the curve between number of blows and 
depth of penetration (mm/blow) is denoted as the DCP Penetration Index (DCPI). Test procedure 
and typical DCPI profile are given in Figure 2.6 and 2.7. The DCPI can be calculated using the 




                       (2.26) 
Where:  
DCPI = Dynamic Cone Penetration Index (mm/blow)  
P = Penetration at 𝑖𝑡ℎ or (i+1)𝑡ℎ   hammer drops (mm)  




Figure 2.6: The Dynamic Cone Penetration (DCP) Test Procedure (Salgado and Yoon, 2003) 
 
Figure 2.7: Typical DCPI Profile (Mohammad et. al. 2007) 
A representative value of DCPI for a certain amount of depth can be obtained using the following 
Equation (Edil and Benson, 2005):                                                                               
DCPIavg = ∑ (DCPI)/N
i
N                       (2.27) 
Where: N = Total number of DCPI recorded for a given depth  
2.4.3 Material and Confinement Effects 
Several researchers have conducted studies to discover the factors that might affect the DCP 
measurements. According to findings from Lee et al. (2014), density and moisture content can 
19 
 
affect the DCP measurements. They also mentioned that poorly graded sand (SP) was not affected 
by the water content. The DCP measurements can also be affected by confining pressure, moisture 
content, and dry density of fine-grained soil (Ampadu et al., 2015). Ampadu et al. (2015) 
recommended that a small change in water content could show an appreciable effect in the DCPI. 
Moreover, the applied energy, fabric structure or particle shape can be other factors to deviate the 
DCP measurement (Quezada et al., 2013). Ampadu et al. (2017) found horizontal confinement 
effects of the DCP data while conducting the DCP tests on lateritic clayey sand. According to 
them, if horizontal confinement decreased, the DCPI value increased, and vice versa. They also 
mentioned that the horizontal confinement effect could be insignificant after a certain point while 
increasing the horizontal confinement.  
2.4.4 Application of the DPC and the Existing Correlations between the DCP and other devices.  
Due to simplicity and economic evaluation, the DCP is currently being applied to evaluate the 
characteristics of the subgrade and base materials. The DCP is more advantageous over other 
devices because of its ability to render a continuous data of soil strength with the depth. Currently, 
it has been widely used by many DOTs and federal agencies to assess the strength and uniformity 
of highway structures. MnDOT was the first DOT that adopted the DCP in 1991 for conducting 
research.  
 Since the DCP has been proven as an effective measure in analyzing the strength of sub-
base/base materials and subgrade, it can be adopted as QC/QA tool for the under-constructed and 
constructed pavement sections (Santiago et al., 2015; Amadi et al., 2018). Moreover, it can be 
utilized as an effective tool for site characterization (Abu-Farsakh et al., 2004). The DCP can be 
applied for the development of resilient modulus prediction for base and subbase pavement (Thach 
Nguyen and Mohajerani, 2017). The DCP can also be used to predict the engineering parameters 
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(such as relative density, modulus of elasticity, shear modulus of subgrade reaction and the CBR) 
of subgrade soils (Mohammodi et al., 2008; Chukka and Chakravarthi, 2012; Lee et al., 2014; 
Quezada et al., 2013; Thach Nguyen and Mohajerani, 2015; Yang et al., 2016). In addition, The 
DCP is as capable as the Standard Penetration test (SPT) of analyzing liquefaction potential 
(Hashemi et al., 2016). According to Rolt and Pinard (2016), the DCP can be established as an 
effective tool to design the low-volume roads where in-situ moisture conditions are utilized for 
design rather than soaked values. They also mentioned that the DCP measurements are more 
reliable than the CBR values.  
2.4.5 Existing Correlations between the DCP and the California Bearing Ratio (CBR)  
The Dynamic Cone Penetration Index (DCPI) derived from the Dynamic Cone Penetrometer can 
be converted into the California Bearing Ratio (CBR. Several researchers conducted analyses 
before to correlate between the DCPI and the CBR. 
 Harrison (1986) also proposed the following correlations for different types of soils: 
Log (CBR) = 2.56 – 1.16 log (PR) for clayey-like soil of PR > 10 (mm/blow)        2.28 
Log (CBR) = 2.70 – 1.12 log (PR) for granular soil of PR<10 (mm/blow)         2.29 
 U.S. Army Corps of Engineers suggested a correlation between the DCPI and the CBR. 
They studied on a range of cohesive and granular materials (Webster et al., 1992). Many 
researchers adopted the equation for their study (Livneh et al., 1995; Siekmeier et al., 2000). The 
correlation is given in the following: 
Log CBR = 2.465 – 1.12 (Log DCPI)            2.29 
 Livneh et al. (1995) suggested the following equation as the best correlation:  
Log (CBR) = 2.45 – 1.12 Log (DCPI)            2.30 
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 Webster et al. (1994) conducted on two types of soils, which include High PI and Low PI 








 (for Low PI clay soil)           2.32 
 Ese et al. (1994) conducted tests on base course material and suggested the following 
correlation:  
Log (CBR) = 2.44 - 1.07 log (DCPI)             2.33 
 According to the North Carolina Department of Transportation (NCDOT) the following 
relationship has been proposed (1998): 
Log (CBR) = 2.64 – 1.08 (Log DCPI) with R2=0.79           2.34 
 Coonse (1999) conducted the DCP tests on various subgrade material and suggested the 
following correlation: 
Log (CBR) = 2.53 - 1.140 log (DCPI)             2.35 
 Gabr et al. (2000) suggested the following correlation: 
Log (CBR) = 1.55 – 0.55 log (DCPI)             2.36 
 Abu-Farsakh et al. (2004) conducted test in lab and field and suggested the following 
correlations: 
Log (CBR) = 2.26 - 0.95 log (PR) with R2 = 0.56 for the laboratory test        2.37 
CBR= 1.03+2600/ [ -7.3521 + (PR) (PR)
1.84
] with R2 = 0.93 for the field test       2.38 
 Dai and Kremeer (2006) conducted the DCP test on granular material and proposed the 
following correlation: 
Log (CBR) = 2.2 – 0.71 log (DCPI)              2.39 
22 
 
 George et al. (2009) performed tests on the unsoaked blended soils and suggested the 
correlation: 
Log (CBR) = 1.675 - 0.7852 log (DCPI)            2.40 
 Chukka and Chakravarthi (2012) performed tests on sandy clay soil and proposed the 
following relationship: 
Log (CBR) = 0.441 - 0.296 log (DCPI)             2.41 
 Lee et al. (2014) conducted laboratory experiment on weathered sandy soil in Korea and 
suggested the following correlation:  
Log (CBR) = 3.93 – 1.47 (Log DCPI) with R2 = 0.93          2.42 
 Thach Nguyen and Abbasi (2015) conducted tests with the Dynamic Lightweight Cone 




  with R2 = 0.84              2.43 
 George and Kumar (2016) performed tests on highway subgrade soils and suggested the 
following correlation: 
DCPI = −5.011 CBR + 74.65 with R2 = 0.88           2.44 
 Kumar et al. (2017) performed field tests and suggested the following relationship: 
log (CBR) = 2.465 − 1.12 log (DCPI)            2.45 
 Amadi et al. (2018) conducted tests on the unstabilized lateritic pavement and suggested 
the following correlation: 
Log (CBR) = 2.48 – 1.057 log (DCPI) with R2 =0.93          2.46 
2.4.6 Existing Correlations between the DCP and other moduli  
The subgrade resilient modulus can be determined directly from the DCP results. The 1993 
AASHTO Guideline has adopted the following equation for subgrade resilient modulus (MR): 
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MR (MPa) = 10.34 * CBR or MR (psi) = 1500 * CBR          2.47 
 Powell et al. (1984) suggested the following relationship between subgrade resilient 
modulus and the CBR: 
MR  (psi) = 2550 × CBE
0.64
 or MR (Mpa) = 17.58 × CBE
0.64         2.48 
 Pen (1990) proposed the two correlations between the subgrade’s elastic modulus (Es) in 
MPa and PR (mm/blow), which are given below: 
Log (Es) = 3.25- 0.89 Log (PR)              2.49 
Log (Es) = 3.652-1.17 Log (PR)             2.50 
 Hassan (1996) founded the following relationship while comparing with the optimum 
moisture content (OMC) and wet of OMC:  
MR = 7013.065 − 2040.783 ln (DCPI) with R
2 = 0.41         2.51 
 Furthermore, Chen et al. (1999) proposed a relationship between the resilient modulus and 
the DCP. The resilient modulus was derived from the back-calculation of the Falling Weight 
Deflectometer (FWD) and the correlation is as follows:  
MR = 338 (DCPI)
-0.39
 with R2 = 0.42           2.52 
 In addition, Pandey et al. (1999) proposed a correlation between the DCPI and the back-
calculated modulus from the Falling Weight Deflectometer (FWD), which is as follows:  
MFWD = 357.87 (DCPI)
-0.64
              2.53 
 George and Uddin (2000) proposed the following correlation while utilizing both manual 
and automated DCP and found that there was no possible change in values between the two DCP. 
The correlation is given in the following: 
MR = 532.1 (DCPI)
-0.492
 with R2 = 0.40           2.54 
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 Gudishala (2004) proposed a correlation, which includes the resilient modulus, the DCPI, 




1100 (DCPI)-0.44  
MC
 + 2.39 (γ
d
) with R2 = 0.68            2.55 
 Abu-Farsakh et al. (2004) developed correlation between the back-calculated modulus 
obtained from the FWD, and the DCPI, which is given below:  
ln (MFWD) = 2.35 + 
5.21 
ln (DCPI)
  with R2 = 0.91           2.56 
 Herath et al. (2005) proposed the following correlation between the resilient modulus and 
the DCP: 
MR = 16.28 + 
928.24
DCPI
 with R2 = 0.82             2.57 
 Mohammad et al. (2007) performed the DCP tests on subgrade materials and came up with 
the following correlation: 
MR = 151.8(DCPI)
-1.096
 with R2 = 0.91            2.58 
 Mukabi (2014) suggested the following correlation by analyzing data with TACH-MD 
framework, which is given below: 
 MR = 11689 (DCPI)
-0.741
 where DCPI ≤ 1.66mm/blow          2.59 
 Santiago et al. (2015) conducted regression analysis on the database containing 185 test 




 with R2 = 0.65             2.60 
 Thach Nguyen & Mohajerani (2017) conducted tests with the Dynamic Lightweight Cone 
Penetrometer (DLP) on subgrade materials with different moisture contents – the optimum 
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moisture content (OMC), wet and dry of OMC and soaked condition. After performing tests, they 
suggested the following equation: 
Log (MR) = 2.242 − 0.890 log (DLPI) with R
2 = 0.64          2.61 
2.5 Dirt Seismic Portable Analyzer (D-SPA) 
The Seismic Properties Analyzer (SPA) is a device for measuring vibrations (sonic, ultrasonic and 
resonant vibrations) to evaluate the average modulus of concrete pavements and structures, asphalt 
pavements, base materials and prepared subgrade materials. Dr. Soheil Nazarian of the University 
of Texas at El Paso designed and developed this device (Chen et al. 1999).                                                     
2.5.1 D-SPA Hardware 
The D-SPA hardware is consisted of a “source” and two “receivers” and an attached electronic 
box as a hand-held Portable device. Computer software named SPA Manager controls the D-SPA 
hardware, and the hardware is connected to a computer with a tether, which carries a signal from 
the computer to the electronic box. Tether also returns a signal from the electronic box to the 
computer.    
2.5.2 D-SPA Operating Principles 
D-SPA operates based on generating and detecting stress waves in a medium. If a vertical impact 
on the ground surface disturbs an elastic half-space, two types of waves will travel in the medium. 
One is a body wave, which is composed of compression and shear waves, and the other is a surface 
wave. Among all these waves, the compression waves are the fastest waves that travel through the 
ground, and occur when the material displacement takes place back and forth along the direction 
of wave propagation. The shear waves travel slower than the compression waves through the 
ground and occur when material displacement happens perpendicular to the direction of travel of 
the wave. The surface waves, primarily Rayleigh waves, are the slowest waves that travel along 
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the surface of the ground and occur when the material is displaced in a cylindrical motion (PSPA 
& SPA Manager Manual, 2007). 
 Two receivers collect outputs after the arrival of compression, shear and surface waves, 
which are marked in Figure 2.8. Reliable estimation of compression wave is difficult as only less 
than 10 percent of seismic energy propagates in this form. Shear wave energy is about one-fourth 
of the seismic energy and can be easily identified in the record. As the speed of shear waves and 
surface waves are close to each other, it is difficult to separate shear waves from surface waves. 
Surface waves contain about two-thirds of the seismic waves and it is easy to measure them.  
 Data reduction can be done in either the time domain or the frequency domain. In time 
domain analysis, time is recorded when seismic energy arrives at each sensor. The relation between 




                           (2.61) 
Where:  
V = Propagated velocity of any of the three waves (i.e. compression waves, Vp; shear waves, VS; 
or surface (Rayleigh) waves,VR) 
∆X = Receiver spacing  




Figure 2.8: Typical time records from D-SPA (Nazarian et al. 1999) 
If Poison’s ratio of soil and shear modulus are known, Young modulus can be calculated using the 
following equation: 
E = 2 (1+ν) G             (2.62) 
Where: 
ν = Poison’s ratio of soil 
G = Shear modulus  
E = Young’s modulus 
Here, shear modulus can be calculated from shear velocity and mass density using: 
G = ρ Vs
2              (2.63) 
As surface wave velocity can be measured more accurately than shear velocity, VR is then 
converted to shear wave velocity, and the expression is as follows:  
 VS = VR (1.13 − 0.16 ν)           (2.64) 
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So, if it is assumed that the properties of the upper most layer are uniform, shear wave velocity 
can be calculated from the Equation 2.64. Then, Young’s modulus of the top layer can be 
calculated by combining Equations 2.62 and 2.63:  
 E = 2 ρ Vs
2 (1+ν) 
Where:  
VS = Velocity of shear waves, ρ = Mass density and ν = Poison’s ratio  
2.5.3 Ultrasonic Surface Wave (USW) Method  
Ultrasonic Surface Wave (USW) method can measure seismic modulus process by performing 
Fourier transformation on the two signals. Fourier transformation disintegrates the time record into 
components of different frequencies and analyzes each frequency component. Each component of 
the signal has an amplitude, frequency and wavelength. Fourier approach is included in the USW 
method based on the fact that longer wavelengths of a component are more affected by values of 
modulus from deeper beneath the surface, which is presented in Figure 2.9.  
When data are collected from far and near receivers, the data is then reduced and a diagram 
of phase difference or phase versus frequency is constructed. Phase difference or phase curve is 
then analyzed to determine a value for seismic modulus at each frequency. If the phase difference 
(φ) and frequency (f) are known from a phase diagram (Figure 2.10), travel time (Δt) can be 




            (2.65) 
Phase velocity (Propagation of velocity inside a medium) can be determined from Equation 
2.61. After knowing the phase velocity using travel time (Δt), the wavelength can be determined 
using the following equation: 








Figure 2.10: Phase difference versus frequency (PSPA & SPA Manager Manual, 2007) 
Where: Lph = Wavelength of the propagated velocity  
Now, the dispersion curve can be constructed using phase velocity (Vph) and wavelength (Lph), 
and the Young Modulus is calculated from Equation 2.67 as follows:  
Eusw = 2 ρ(1+ν)(VR(1.13-0.16 ν))
2
             (2.67) 
Where: Vph = Average phase velocity of the top layer (Nazarian et al., 1999) 
2.5.4 Impact-Echo Method  
The Impact-Echo method is widely accepted as a nondestructive evaluation method. In this test, 
signals or disturbances (mechanical or stress waves at a frequency in the range of 20-30 KHz) are 
transferred from the bottom of the source, which propagates outward from the contact point 
through the ground (Azari et al, 2014). If the ground layer overlies with another layer, one 
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disturbance is reflected back to the D-SPA and the remaining signal is transmitted into the second 
layer (Figure 2.11) (PSPA & SPA Manager Manual, 2007). 
 
Figure 2.11: Path of D-SPA disturbances (PSPA & SPA Manager Manual, 2007) 
The reflected signal is collected by the receivers. Some of this energy is reflected from the 
surface and starts a second downward propagation. This process proceeds several times creating 
multiple echoes of the initial signal, which is shown in Figure 2.12 (PSPA & SPA Manager 
Manual, 2007).  
 The time-domain signal is then converted into a frequency-domain signal by using Fourier 
analysis. Frequency-domain function and frequency-domain signal are monitored to detect the 
maximum frequency with maximum energy (referred to as peak frequency). Peak frequency (f) is 
then used to measure the thickness (h) of the soil layer using the following equation (Azari et al., 
2014):  
h = α 
Vp
2f
            (2.68) 
Where: Vp = compression wave velocity that can be measured from the surface wave velocity  
α = empirical correction factor, which is 0.96 for plate-like structure (Sansalone and Street, 1996) 
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Equation 2.68 is based on the assumption that compression is uniform throughout the depth of the 
tested material. Uncertainty may increase if heterogeneity exists inside the material (Azari et al. 
2014).  
 
Figure 2.12: D-SPA “echoes” from multiple reflection (PSPA & SPA Manager Manual, 2007) 
2.5.5 Application of D-SPA 
The Dirt Seismic Properties Analyzer (D-SPA) is only applicable to soils whereas the Portable 
Seismic Analyzer (PSPA) has numerous applications in the evaluation of pavement structure. 
Nazarian et al. (2015) conducted an extensive study to evaluate the performance of the 
geomaterials based on the D-SPA. According to their analysis, the D-SPA is more sensitive to 
moisture content as it measures the modulus of the geomaterial. In order to assess the performance 
monitoring of the concrete bridge, the PSPA can be adopted utilizing the ultrasonic surface wave 
(USW) techniques and renders the significant results of the deteriorated portions of the concrete 
slab (Azari et al., 2012; Li et al., 2016). According to their analysis, modulus of the PSPA analyzed 
for the weaker portions of the concrete slab were lower the intact portions, and later, weak portions 
of the concrete deck were removed and subsequently treated with new concrete. Moreover, 
according to Huang et al. (2017), the performance monitoring of a pavement response using the 
PSPA can also be evaluated flawlessly. They found the fatigue failure or the inhiation of the fatigue 
failure analyzing data from the PSPA.  
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2.6 Plate Load Test 
The PLT has been treated as a useful device for evaluating pavement structure in many European 
countries. It is a widely known method to measure the bearing capacity of soil and modulus of 
subgrade reaction for pavement. This test has some drawbacks as it is more time-consuming than 
other in-situ testing devices like Geogauge, LFWD, and DCP. Currently, it has widespread use on 
both rigid and flexible pavement. The influence depth of this test is about 1.5 to 2 times the 
diameter of the plate. Usually, plate diameter of 76.2 cm (30 inches) is used for runways, but for 
roadways smaller diameter of 30.5 cm (12 inches) can also be used.  
 During testing, smaller diameter plates are placed on the top of the plate to avoid bending. 
A hydraulic jack applies load on the plate and the load is then transferred to the soil by the plate. 
Measurements from four dial gauge readings indicate the settlement of the plate. These dial gauges 
are placed on horizontal beams, at right angles to each other (Rodriguez et al.1988).  
2.6.1 Principle of Operation 
 
This test method is performed in accordance with ASTM D1194. During this test, a load is applied 
until settlement increment comes to a steady magnitude. In order to perform this test, load 
increments are applied and maintained until all settlements become stable. Then, loads are 
removed in the same manner until the rebound curve is achieved. This process can be progressed 
for the next cycle until the desired curve is achieved.   
2.6.2 PLT Moduli Calculation  
Modulus of subgrade reaction can be obtained by the Plate Load test. The modulus of subgrade 




               (2.69) 
Where: P = Unit load on plate (psi), δ = Deflection of the plate (inches) 
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Moreover, the elastic modulus of soil can be obtained from the Plate Load test. The 
relationship from which the elastic modulus can be obtained is as follows (Yoder and Witczak, 
1975):    
EPLT =  
1.18 PR
δ
             (2.70) 
Where: EPLT = Plate Load elastic modulus, p = applied pressure, R = radius of plate, 𝛿 = deflection 
of plate at pressure, p 
The factor 1.18 chosen for Equation 2.70 is based on the Poison’s ratio of 0.5. But, the 
Poison’s ratio of the materials used for highway construction ranges from 0.25 to 0.40, which 
might cause some error (Horhota, 1996).  
In order to perform in-situ plate bearing test on constructed pavement layers, the following 
equation has been proposed (Abu-Farsakh et al., 2004): 
EPLT =  
2P(1-ν2)
πRδ
            (2.71) 
Where:  
p = applied load by the end of the second cycle 
𝛿 = deflection under the second loading cycle of the plate 
 Figure 2.13 shows the plate load test where the initial modulus, EPLT(i), is determined from 
the slope of the first loading cycle and the reloading modulus, EPLT(R) is determined from the 




Figure 2.13: Plate Load Test (Abu-Farsakh et al, 2004)  
2.6.3 Application of the Plate Load Test  
In order to obtain the strength characteristics of the layer inside pavement, the Plate Load Test can 
be used as a reference test. Several researchers performed experimental work before to investigate 
the failure modes of the reinforced soil foundation (Abu-Farsakh et al., 2008; Chen et al., 2009; 
Sharma et al., 2009). Moreover, Abu-Farsakh et al. (2004) conducted the Plate Load test on 
different materials including clays, soil cement, limestone and sand, and they presented the initial 
and the reloading modulus of each material. Agharazi et al. (2010) conducted 26 plate load tests 
at the Bakhtiary dam site to evaluate the characteristic mechanism of the rock mass deformation. 
Abu-Farsakh et al. (2016) also conducted the Plate Load test to evaluate the performance of the 
geosynthetic-reinforced unpaved sections over soft subgrade. According to their analyses, 
geosynthetic reinforcement showed an appreciable amount in the reduction in deformation of 
surface and increase in bearing capacity.   
35 
 
 Several researches were conducted before to correlate between the Plate Load test and other 
devices. CNA consulting engineers conducted field tests to correlate between the Geogauge 
modulus and the Quasi Static Plate Load test. But, they found that the initial modulus better 
correlates with the Geogauge modulus. Correlations are given in the following equations:  
E(QPLT)R = 0.8962(EG) + 25.9 with  R
2
 = 0.23           2.72 
E(QPLT)u = 0.6158(EG) + 10.3 with R
2
 = 0.27            2.73 
E(QPLT)i = 0.3388(EG) + 84.7 with R
2
 = 0.66            2.74 
Where, E(QPLT) = Quasi Static Plate Load test modulus, EG= Geogauge modulus 
 According Livneh et al. (2001), the German Code recommends the following correlation  




               2.75 
Where, EPLT(R2)is the German reloading elastic modulus in MPa.   
 Abu-Farsakh et al. (2004) found strong correlations between the Plate Load Test and the 




2 = 0.83             2.76 
EPLT(R2)= 15.8*e
0.011 (EG) with R
2 = 0.69             2.77 
Correlation equations for the field tests are as follows: 
EPLT(i) = -75.58 +1.62(EG) with R
2 = 0.87             2.78 
EPLT(R2)= -65.37+1.5(EG) with R
2 = 0.90             2.79 
Where, E(PLT) = Plate Load test modulus, EG= Geogauge modulus 
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 Mohammadi et al. (2008) conducted laboratory experiments and found two relationships 
between the DCPI and the Initial modulus (E(PLT)i), and the Reloading modulus (E(QPLT)R) were 
developed which are given below: 










2=0.94) (E in MPa)            2.81 
 Moreover, Lee et al. (2014) suggested the following relationship between the Plate Load 
test and the Geogauge after conducting laboratory tests:  
EPLT(i) = 0.59*EG with R
2 = 0.65            2.82 
2.7 Nuclear Density Gauge 
The Model 3430 Surface Moisture-Density Gauge known as Nuclear Density Gauge has been 
adopted for this study. The Model 3430 Surface Moisture-Density Gauge can rapidly and 
unequivocally figure out dampness and thickness for soils, soil bases, aggregate, cement and 
asphaltic cement without the utilization of core samples or other ruinous techniques. Utilizing 
direct transmission or backscattered gamma radiation, the 3430 measure decides the thickness of 
materials by tallying the number of photons discharged by a cesium-137 source. Geiger-Mueller 
(G-M) identifiers situated in the check base identify the gamma radiation and a microprocessor 
changes over the tallies into a density reading. Figure 2.14 shows the working application of the 
Nuclear Density Gauge.  
 Utilizing the standard of neutron thermalization, the model 3430 decides the moisture 
content for soils and soil-like materials. Hydrogen (water) in the material moderates neutrons 
transmitted from an americium-241: beryllium source (or californium-252 in the Model 3430-M). 




Figure 2.14: Direct Transmission Geometry of the Nuclear Density Gauge (Troxler Electronic 
Laboratories, Inc.) 
 
 The nuclear strategy for testing thickness and dampness has been affirmed by the American 
Society of Testing and Materials (ASTM). The Model 3430 meets or surpasses every one of the 
prerequisites of ASTM Standards C1040, D2922, D2950, and D3017 (Troxler Nuclear Density 
Gauge Manual). 
2.8 E-Gauge 
 The Troxler E-Gauge, Nuclear Density Gauge uses a low movement gamma beam source 
to play out the thickness estimations. The Cesium 137 source and the delicate identifier cooperate 
to give solid thickness readings, which are in the same class as the nuclear gauge. Figure 2.15 
show the schematic of the E-Gauge. 
 Because of the plain low source action, it is important to nearly screen foundation radiation. 
Whenever the material estimated changes or when moving to another job site, it is important to 
play out a foundation tally at the estimation area over the readied gap. It is likewise important that 
any known wellsprings of radioactive material be kept no less than 30 feet (10 meters) away amid 
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standard tallies, foundation checks and estimation tallies (for instance: other nuclear gauges). 
Thickness estimations can be performed between 2 inches (5 cm) and 8 inches (20 cm) inside and 
out, that isn't a backscatter estimation position. The E-Gauge is as of now offered as an 8-inch 
skilled thickness measure for soil thickness estimation with a non-nuclear moisture test frill, which 
measures moisture at a profundity of 4-5 inches (Troxler E-Measure Manual). 
 
Figure 2.15: Schematic of the E-Gauge (Troxler Electronic Laboratories, Inc.) 
2.9 Spatial Variability 
Structural engineering usually deals with mostly man-made homogenous materials, for example, 
steel and concrete. On the other hand, geotechnical engineering has to match with the natural 
materials, soil and/or rock. So, it is considered likely to face a high variation of resistance of 
geotechnical structures (e.g. foundation, slope, and earth retaining structure) due to the spatial 
variation of soil properties horizontally and vertically. Normally, laboratory/in-situ testing is 
performed at a fixed distance (e.g. every 100 feet), which can be far away from the original 




terms of accuracy and reliability, which in turn leads to uncertainties in the design of geotechnical 
structures.  
  Geotechnical variability is a complex attribute that results from many disparate 
sources of uncertainties, as illustrated in Figure 2.14. As shown, the four primary sources of 
geotechnical uncertainty are spatial variability (horizontally and vertically) of the soil deposit, 
random measurement error, statistical error, and model bias. 
  
 
Figure 2.16: Source of uncertainty in geotechnical reliability analysis (Down et al. 2010) 
 The first source of uncertainty results primarily from the natural geologic processes and 
deposits that produced and continually modify the soil mass in situ. The soil property variation 
could be quite enormous depending on location. It is dictated by the type of soil, uniformity (the 
mixture of various soils), water content, density, stress level, and so on. The second is caused by 
equipment- or operator-induced variations from one test to another. Operator or personnel errors 
arise in many types: where it is necessary to read scales or take measurements; personal judgment 
is needed; operators can affect the mechanical operation of a piece of testing equipment (e.g., DCP, 
LFWD); or soil sample handling, preparation, and disturbance can vary between operators. In each 
of these cases, operator differences have systematic and random components. Equipment error 














For example, in LFWD tests, the load plate of LFWD may be situated on the material to be tested 
differently in succeeding tests. Drop height and rod resistance may vary slightly from one drop to 
another, and temperature changes can affect the damping properties of the rubber buffer. The 
aggregate result of all these variables is a number of differences. Collectively, these two sources 
can be described as data scatter. 
2.9.1 Data Scatter 
The first source of uncertainties results from the natural geologic processes that continuously 
modify the in-situ characteristics of soil. The soil properties vary from place to place. Different 
parameters (e.g. the mixture of various soil, water content, density, stress level) contribute to the 
change of soil properties. Measurement error is caused by equipment or operator –induced 
variation, which can take place from one test to another. Operator induced variation occurs when 
personal judgement is required to read scales, take measurements or during sample preparation 
and handling. Equipment error arises from variations when tests are set up and loads are delivered. 
For example, in the case of the LFWD, drop height, rod resistance and seating of the load plate 
can vary from one drop to another, and the rubber buffer can be influenced by temperature change. 
Collectively, these two sources can be described as data scatter (Phoon and Kulhawy 1999, 
Baecher and Christian 2008). 
 Various geologic, physical-chemical, and environmental processes contribute to the 
development of soil. Some of these processes continue for long periods of time and can modify 
the soil. Due to the ongoing natural processes, soil properties will vary in both the horizontal and 
vertical direction. The spatial variability can be depicted precisely by the central trend, the COV 




2.9.2 Soil Profile 
The spatial variation of soil properties can be classified into a deterministic trend component [f] 
and a random component [ε]. The relationship can be formulated as follows (Phoon and Kulhawy 
1999, Kim 2005, Nazarian et al., 2015): 
sp(z) = f(z) + ε(z)                   (2.83) 
 Where sp is the soil property, z is the depth, and the vertical spatial soil variability is 
represented by the random component. First, the random component is measured by all 
geostatistical operations, and the deterministic component is added later.  
 While quantifying spatial variability, it is required to model sp(z) as a homogeneous 
random function or field (Vanmarcke 1983). Two considerations are required to maintain when 
the function sp(z) is considered statistically homogeneous- (1) there are no change in mean trend 
and variation of ε along the depth; and (2) the correlation is a function only of the deviations 
between two separation distances, rather than their absolute position. When data is collected from 
a homogenous soil layer, fluctuations in the soil property profile are probably considered to be 
uniform. 
2.9.3 The coefficient of Variation 
The standard deviation of inherent soil variability (σw) for a homogeneous variability function 










Figure 2.17: Spatial soil variability (Phoon and Kulhawy 1999) 
 Where n is the number of data points, and  ε (zi) is the fluctuation at depth zi. Dimensionless 
representation of inherent soil variability known as the coefficient of variation (COVw) can be 




                 (2.85) 
2.9.4 Scale of Fluctuation 
Another statistical parameter that is required to describe site variability is the correlation distance 
or scale of fluctuation, δv (Figure 2.16), which can provide a specific indication of the property 
values that show a strong correlation.  
 δv = 0.8 d̅             (2.86) 
 Where δv is the vertical scale of fluctuation, and d is the average distance between 














Figure 2.18: Estimation of vertical scale of fluctuation (Phoon and Kulhawy 1999) 
2.9.5 Semivariogram 
Semivariogram is one of the basic statistical measures of geostatic, which is used to measure the 
extent of spatial dependency between samples. In the determination of the scale of fluctuation, a 
continuous theoretical Semivariogram model is fitted to the experimental Semivariogram. The 
experimental Semivariogram is characterized by three parameters (Jaksa et al. 1997): (a) the 
nugget effect, Co, which is due to measurement errors; (b) the sill, C + Co, which measures the 
squared difference between data pairs; and (c) the range of influence, a, which is the theoretical 
distance where values become independent. 
 Several theoretical Semivariogram models are available to predict the scale of fluctuation. 
The available models are spherical, exponential, Gaussian, and circular (Meek, 2001; Christian 
and Baecher, 2003). The most widely used of these is the spherical models (Meek, 2001). Figure 




Figure 2.19: Typical Semivarioram (Onyejekwe et al., 2016) 
 
 
Figure 2.20: Different Types of Semivarioram Model (Kulatilake et al., 1988) 
In order to compute the experimental variogram from close and regular intervals of data 




∑ (n=hi=1 ) [z(xi)- z(xi+h)
2
]           (2.87) 
Where, n is the number of data pairs separated by distance h, and z(xi) and z(xi+h) are the data 
values at locations separated by distance h. To compute the experimental variogram from wide 




∑ (n=hi=1 ) [z(xi)- z(xi+h)
2
]                                        (2.88) 
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2.9.6 Measurement Error 
The second source of uncertainties, measurement-related uncertainties, can be divided into three 
categories: accuracy, repeatability (precision) and reproducibility (Down et al. 2010). 
Repeatability and reproducibility can be estimated using the Gauge R&R method. Gauge is any 
device that can be used to obtain measurement. R&R can be defined as the coordination of the 
device variability (repeatability) and operator variability (reproducibility). The results of a Gauge 
R&R study are EV (repeatability or equipment variability), AV (reproducibility or the operator 
variability), and SV (specimen variability) (Nazarian et al., 2015).  
2.9.7 Systematic Error 
The third source of uncertainty in geotechnical measurements is statistical errors that result from 
the limited amount of information. When it is required to estimate the mean trend, limited numbers 
of tests lead to statistical error. This uncertainty can be minimized by taking more samples (Phoon 
and Kulhawy 1999, Baecher and Christian, 2008, Phoon et al., 2016). The fourth source of 
uncertainty, Model Bias, is introduced when empirical or other correlation models are used for 
field or laboratory measurements, which are consequently transformed into design soil properties. 
This uncertainty is estimated empirically by comparing predictions made from measured values 
against observed values. Collectively, these two sources can be described as the systematic error 
(Baecher and Christian, 2008).  
2.9.8 X-Bar/R & ANOVA Method 
Several methods can be used to perform Gauge R&R analysis, which includes Average and Range 
(X-Bar/R/R) and Analysis of Variance (ANOVA). The X-Bar/R method allows repeatability, 
reproducibility and specimen-to-specimen variability where device-operator interaction is not 
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considered. On the other hand, ANOVA method is more precise in considering the interaction 
between the operator and device (Nazarian et al., 2015).  
 The equations used in X-Bar/Rand ANOVA methods are presented in Table 2.5 and Table 
2.6, where m replicate measurements are performed by p operators on n specimens. Parameter yijk, 
which refers to a measurement made with device i by operator j on specimen k, can be expressed 
in the following equation (Nazarian et al., 2015):  
yijk= xi + uj + wij + εijk            (2.89) 
 Where xi is the actual value of the desired parameter, uj represents the operator variation, 
wij represents the interaction between the specimen and operator; and εijk represents the 
repeatability error. The Gauge R&R can be obtained from the following expression (Nazarian et 
al., 2015): 
GRR = √EV2+AV2                   (2.90) 
 The total variation (TV) of measurement system can be calculated by adding the Gauge 
R&R with the specimen variation (SV) (Nazarian et al., 2015): 
TV = √EV2+AV2+SV2                  (2.91) 
Table 2.5: Equations used to calculate variability parameters - X-Bar/R Method according to 































aAutomotive Industry Action Group (AIAG), R̅ = average range of measurements, d2 = bias 
correction factor obtained from statistical Tables, RO = range of the operator averages, d2
* = 
correction factor for estimating variances obtained from statistical Tables, n= number of 




Table 2.6: Equations used to calculate variability parameters - ANOVA Method (Measurement 
System Analysis Manual, 4th Edition) 
Source of  
Variation 
Degree of  
Freedom 
Sum of  
Squares, SS 
































































 MSSE σ2 
var(yijk)=υ
2 + 2 + α2 + 2, SSO = Sum of Squares of Objects, SSA = Sum of Squares of Operators, 
SSI = Sum of Squares of Interactions, SSE = Sum of Squares of Errors, MSSO = Mean Sum of 
Squares of Objects, MSSI = Mean Sum of Squares of Interactions, MSSA = Mean Sum of Squares 
of Operators, MSSE = Mean Sum of Squares of Errors. ?̅?𝑖.. represents the average of the 
measurements from the ith object (the “dot” symbol shows averaging over the second and third 
indices, j and k).  
 
2.10 Different Techniques for Site Variability Analysis 
Since the mid-1970s, reliability based design (e.g., LRFD) has been adopted into practice for 
structural routine work and design. However, the geotechnical community responsible for design 
implementation has been slow in adopting this new design methodology. Part of the reason that 
needs to be addressed is in the difficulty of assessing the variability of soil properties that are 
needed for new reliability based design methods. Unlike the variability of manufactured materials 
(e.g. steel and concrete) used in structures, geotechnical variability is a complex attribute that 
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entangles many disparate sources of uncertainties, e.g., spatial variability of the soil properties, 
random measurement error, statistical error, and model bias.  
 In the last two decades, a few research efforts were made to evaluate different sources of 
uncertainties in geotechnical engineering (e.g., Phoon et al. 1995; Phoon and Kulhawy, 1999a, b, 
Alshibli et al. 2008; Onyejekwe, 2012) 
2.10.1 Second Moment Statistics Method for Site Variability Analysis 
 
The second moment-based techniques were adopted by several researchers for the characterization 
of uncertainty in geotechnical parameters (Phoon and Kulhawy, 1999; Duncan, 2000, Uzielli et 
al., 2007). Site soil variability and measurement error are estimated statistically in an extensive 
manner by Phoon and Kulhawy (1999). They applied second moment probabilistic (mean and the 
coefficient of variation) techniques to combine inherent soil variability, measurement error, and 
transformation uncertainty. A summary of the COVs of inherent variability, scale of fluctuation 
and measurement error for various test measurements were presented in their study. They found 
that the vertical and horizontal scale of fluctuation of index parameter were the greatest. They 
performed several laboratory tests (e.g. undrained shear strength, friction angle, liquid and plastic 
limit, total and dry unit). In the case of measurement error, they also reported that the COVs of 
measurement error for most laboratory strength tests were estimated to be between 5% and 15%.  
They also found that COVs of clay is greater than sand. 
 A detailed analysis of the measurement error has been conducted (Kulhawy and Trautmann 
1996) for the field tests. In their study, Kulhawy and Trautmann (1996) performed regression 
analyses to determine the amount of variation assignable to each test parameter. They applied 
second moment statistics (mean and the coefficient of variation) to estimate random testing error 
where replicate data were available.  
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2.10.2 Proposed CPT Method for Site Variability  
 
While assessing sites for variability, Alshibli et al. (2008) proposed CPT to measure site 
variability. They presented that the COV(Su
CPT ) from a specific layer at the investigated site as an 
overall scatter and this scatter is induced by: (1) the device uncertainty due to the uncertainty in 
cone tip resistance, which is measured by COV() since the variability in the overburden pressure 
is negligible and can be ignored, and (2) the inherent variability in soil properties, which can be 
presented as the the coefficient of variation of the undrained shear strength for fine soils COV (). 
They also proposed a procedure in their study to evaluate COV(Su
CPT).  
1. The CPT readings are collected from site and soil layers (classifications) are identified. They 
classified the soil layers according to: (1) Zhang and Tumay Method, (2) Robertson’s Method, and 
Plasticity Index (PI). 
2. The design property such as undrained shear strength, Su
CPT, is obtained from all CPT soundings 









                                                                                  (2.29) 
              Where, qc is the measured cone resistance, 𝜎𝑣𝑜 is the in situ vertical stress, and 𝑁𝑘𝑡  
denotes the corrected cone factor that includes the influence of the cone shape and depth factor. 
3. A mean and standard deviation can be found from statistical analysis of the soil property (e.g., 
Su
CPT). For site variability assessment, the the coefficient of variation from these results, 
COV(Su
CPT), is then computed to be used.  
4. By comparing COV(Su
CPT) from the measuring device and the inherent soil variability, one can 
assess the site variability. This can be done in three groupings:  
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a. the site variability can be indicated as low when measured the coefficient of variation values 
equal to or smaller than what is expected for the low end of inherent soil variability (COV( ) = 6 
percent); i.e., expected COV(Su
CPT) = 21 percent,  
b. the site variability can be indicated as medium when measured COV(Su
CPT) values 
corresponding to what is expected for an average inherent soil variability (COV() = 20 percent); 
i.e., expected COV(Su
CPT) = 28 percent, indicate that the site variability is medium, and  
c. Higher COV(Su
CPT) values indicate that the site variability is high. 
 It should be mentioned that this approach is only effectual for fine soils if consistent soil 
layers could be identified. If soil layers cannot be identified, assessment of the site variability 
should require rigorous analysis.   
2.10.3 Semivariogram Method for Scale of Fluctuation 
The statistics of geotechnical parameters and the probabilistic analysis of the parameters are the 
main focus of the deployment of reliability based design (RBD). The elementary statistics needed 
to take the advantage of RBD are the mean, variance, and scale of fluctuation, θ. These statistics 
are not only site-specific but also dataset-specific. The mean and variance are fairly easy to 
compute when data is available. Calculation of the scale of fluctuation is a bit complex, requiring 
more data and a well-defined soil profile (Onyejekwe 2012).  
Field tests like the cone penetration test (CPT) can provide sufficient data to establish a 
well-defined profile but do not have benefit for widespread use. The more robust method is the 
standard penetration test (SPT), cannot provide ample data to establish a well-defined profile, 
which is required for the computation of the scale of fluctuation. The continuous Shelby tube 
sampling method is the alternate method and has the inherent capacity of providing sufficient data 
to establish a well-defined profile, which is required for the computation of the scale of fluctuation. 
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Tests can be performed at a closer spacing (closer than SPT) and direct and indirect measurements 
of geotechnical properties can be carried out. It has to be noted that for soil types where Shelby 
tube sampling is inaccessible, SPT can be applied at closer intervals to get sufficient data to 
establish a well-defined profile required for the computation of the scale of fluctuation (Onyejekwe 
2012).  
 Semivariogram function is one of the best tools to determine the scale of fluctuation. At 
first, the experimental variogram is plotted and a best-fit model is fitted and the parameters of the 
model are then determined. One of the model parameters, the range of influence, a, is then used to 
evaluate the scale of fluctuation using the appropriate equation given in Table 1 of Appendix A. 
 There are many programs available to model Semivariogram – VESPER and ArcGIS, for 
example. VESPER 6 is used in this analysis to get the scale of fluctuation. The lag tolerance 
(percentage of lags) represents the percentage of the lag distance considered in the determination 
of the Semivariogram. For example, 50% lag tolerance on a lag distance of 10 feet has a tolerance 
of 5 - 15 feet. For the regular CPTu data, a smaller the lag tolerance of 25% was applied. For the 








CHAPTER 3: METHODOLOGY 
3.1 Box Test  
This study includes conducting box tests on several materials like different types of soils and stone 
sections compacted and tested in the geotechnical lab at the Louisiana Transportation Research 
Center (LTRC). Twelve sections are prepared in blue boxes and the sections are tested after 
compaction. Tests are conducted with different devices – Geogauge, Light Falling Weight 
Deflectometer (LFWD), Dynamic Cone Penetrometer (DCP), Dirt Seismic Properties Analyzer 
(D-SPA), Plate Load, Nuclear Density Gauge (NDG) and E-Gauge, which are mentioned in Table 
3.1. 
Table 3.1: Devices Used to Measure Variability 
Different Devices to Measure Variability  
SL Device  Measure  Units  
1 Geogauge Stiffness Modulus  MPa 
2 Light Falling Weight Deflectometer 
(LFWD) 
Deformation Modulus MPa 
3 
Dynamic Cone Penetrometer  




4 Dirt Portable Seismic Analyzer 
(DSPA) 
Shear Modulus  ksi  
5 
Nuclear Density Gauge (NDG) 
Dry Density pcf 
6 Moisture Content % 
7 Low Nuclear Density Gauge (E-
Gauge) 
Dry Density pcf 
8 Moisture Content % 
 
 Geogauge, LFWD and D-SPA were conducted with five operators and each operator tested 
three times in the front, middle and back locations of the blue box, respectively. DCP was run by 
three operators and each operator conducted test one time in the front, middle and back location 
of the box. The Plate Load test was done in the middle location of the box and only one operator 
did the test. Nuclear Density Gauge (NDG) and E-Gauge were tested in the front, middle and back 
locations and one operator performed the test.  
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The reason for taking measurements in the same section with different operators is to 
evaluate variability among the operators. Besides, location related variability can also be evaluated 
by taking measurements in different locations. Moreover, statistical analyses are performed using 
the X-Bar/R& ANOVA Method to assess the mean value and the coefficient of variation. 
3.1.1 Materials Used in the Box Test 
Twelve materials were used for conducting all tests. These are Low PI (PI=11), Medium PI 1 
(PI=21), Medium PI 2 (PI=31), Medium PI 3 (PI=38), High PI (PI=53), Sand, Kentucky 
Limestone, Mexican Limestone, Medium PI 3 (PI=38) with 5 percent Lime and 4 percent Cement 
by volume, High PI (PI=53) with 5 percent Lime and 4 percent Cement by volume and Low PI 
(PI=11) with 3 percent Cement by Volume.  
3.1.2 Layout of the Box Test 
The experimental testing program for this study was conducted in a box to complete the objectives 
mentioned in chapter one. Four layers were compacted with the same type of material up to 24 
inches maintaining the 95 percent of the maximum dry density and optimum moisture content. 
Each layer was compacted maintaining 6 inches thickness, which is illustrated in Figure 3.1, and 
Figure 3.2 to 3.8 shows the devices used by different operators at the time of running specific tests.   
 




Figure 3.2: Geogauge Test 
 
Figure 3.3: LFWD Test 
 
Figure 3.4: DCP Test 
   
 
Figure 3.5: Plate LoadTest 
 
Figure 3.6: D-SPA Test 
 
Figure 3.7: NDG Test 
   
 
 
Figure 3.8: E-Gauge Test 
  
 
After compacting layers, five operators ran tests with the same device to check the 
variability of the measurements with respect to Geogauge, Light Falling Weight Deflectometer 
and D-SPA. Each operator took three measurements in different locations of the box for the same 
material. The same procedure was applied for different materials mentioned in 3.1.1. Three 
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operators ran DCP tests in different locations of the box maintaining the same procedure for other 
materials. The Plate Load test was conducted by one operator in the middle location of the box. 
Tests were conducted by NDG and E-Gauge maintaining one operator in three different locations 
of the box. Layouts of the different tests are illustrated in Figure 3.9. 
 
Figure 3.9: Layout of test setup in different location of the box 
3.2 Field Test  
This study includes conducting field tests on several constructed and under-constructed sections 
in different projects within the state of Louisiana. In addition, 14 constructed test sections were 
tested at the LA-DOTD Accelerated Load facility (ALF) site. 3 under-constructed test sections 
were tested at the LA 96 and LA 420. In each field test Geogauge, LFWD and DCP measurements 
were taken to evaluate variability among locations and operators. In addition, the dry unit weight 
and moisture content were obtained using the Nuclear Density Gauge and E-Gauge.  
3.2.1 Constructed Sections at ALF 
Several sections were constructed at the LA-DOTD Accelerated Load facility (ALF) site. Among 
these, four sections were constructed with 5’ x 5’ dimension at the lower reduced level of ALF, 
and the other four sections were constructed with 4’ x 4’ dimensions at the higher reduced level of 
ALF. Each section was constructed in 12-inch thickness. All sections were constructed with 
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cementitious materials including either low PI (PI=11) or high PI (PI=53) soil. Figure 3.10 shows 
the layout of the bottom sections constructed at ALF. Figure 3.11 illustrates the test setup layout 
for all bottom sections at ALF. 
 
Figure 3.10: Layout of the bottom sections at ALF 
 




Measurements were taken using Geogauge and LFWD at each point including the center 
in every section. Five operators took measurements using Geogauge and LFWD devices at every 
section. DCP, NDG and E-Gauge measurements were taken at every point except the center. DCP 
was conducted by three operators in each section whereas NDG and E-Gauge were operated by 
one operator. Figure 3.12 shows the top sections layout constructed at ALF, and Figure 3.13 shows 
the test setup layout of all top sections. 
 




Figure 3.13: Test setup layout of the bottom sections at ALF 
In addition, there are six sections with 70’ x 13’ dimension constructed at the upper location 
of ALF. Section I (control), Section II, Section III, Section IV were constructed with 8 percent 
cement maintaining 8.5-inch thickness for each section. Section V and Section VI were constructed 
with 6 percent cement maintaining 12-inch thickness. A-2-7 (AASHTO) materials were used for 
all six sections. Figure 3.14 shows the layout of the constructed soil cement sections with no micro 
cracking (MC), low MC, medium MC and high MC. Figure 3.15 illustrates five points where tests 
were performed. 
 





Figure 3.15: Test setup layout of soil-cement section at ALF 
 Tests were conducted using Geogauge, LFWD and DCP at each point of all sections. 
Geogauge and LFWD were run by five operators whereas DCP tests were conducted with three 
operators. NDG and E-Gauge were run by one operator at each point. 
3.2.2 Under-Constructed Sections at LA 98 and LA 417 
There were three under-constructed sections tested with different devices at LA highway to 
determine variability among operator and location. Five testing devices (Geogauge, LFWD, DCP, 
NDG and E-Gauge) were engaged and run by the different operators for the evaluation of site 
variability. Geogauge and LFWD were run by five operators whereas one operator was involved 
in taking measurements for DCP, NDG and E-Gauge.   
 Tests were conducted at two different stations (266+00 and 267+00) within the US 
highway LA 98, which are located in Lafayette, and 250 mm (10 inches) thick cement stabilized 
base course section were tested maintaining 7 percent cement content. Tests were also performed 
in one station (101+25) of US highway LA 417, which is located near False River of Louisiana. 
The thickness of the section was 600 mm (24 inches) with 10 percent cement stabilized subgrade 
material. The layout of the test sections and test setup layout of the devices were the same for all 





Figure 3.16: Layout and Test setup layout of the Under-Constructed Field Test 
3.3 Lab Test  
Several laboratory tests were conducted in order to evaluate variability along with box and field 
tests. Laboratory tests include the Unconsolidated Undrained (UU) test, the Atterberg Limit test, 
the small direct shear test, one dimensional consolidation test and the California Bearing Ratio 
(CBR) test. All laboratory tests were performed in accordance with AASHTO method.  
 For lab tests, soils were collected from the Accelerated Loading Facility (ALF). Then, Soils 
were put in an oven to dry out for three days at 60-degree Celsius temperature. Soil samples were 
then remolded with optimum moisture contents for all lab tests.  
3.3.1 Unconsolidated Undrained (UU) Test 
UU tests were conducted in a tri-axial machine maintaining 15 percent strain for all types of soil 
samples. Soil samples used for UU tests are Low PI (PI=11), Medium PI 1 (PI=21), Medium PI 2 
(PI=31), Medium PI 3 (PI=38) and High PI (PI=53). Tests are performed conforming to ASTM 
2850 - 15 for all soil samples. Figure 3.17 shows the stress-strain curve of Low PI (PI=11) soil 




Figure 3.17: Stress-Strain Curve of Low PI (PI=11) soil 
 
 
Figure 3.18: Mohr’s Circle 
. 
 In order to determine variability, five operators ran tests for each type of soil. Each operator 
prepared 3 samples of the same soil type maintaining optimum moisture content. Figure 3.19 




























Figure 3.19: Samples Prepared for UU Test. 
 The strength of this test is measured maintaining undrained conditions and is applicable to 
field conditions where soils are subjected to a change in stress without time for consolidation to 
take place (unconsolidated condition), and the field stress conditions are applied to those in the 
tests. The shear strength measured from the test expressed in terms of total stresses or effective 
stresses is commonly used in embankment stability analyses, earth pressure calculations, and 
foundation design. 
3.3.2 Atterberg Limit Test  
The Atterberg limits measure the critical water content of fine-grained soils and include shrinkage 
limit, plastic limit, and liquid limit, which are outlined in ASTM D4943. With the varying water 
content of a soil, it can appear in four states: solid, semi-solid, plastic and liquid. The behavior and 
consistency of a soil are different as are the engineering properties at varying degrees of moisture 
content. Thus, the boundary between each state can be established based on a change in the soil's 
behavior. The Atterberg limits can be adopted to differentiate between silt and clay, and to 
distinguish between different compositions of silts and clays. Figure 3.20 shows the soil samples 




Figure 3.20: Samples Prepared for Atterberg Limit Test 
 
 For laboratory testing, remolded soils were used to determine the liquid limit and plastic 
limit. Samples were prepared using different moisture contents by five operators. Each operator 
prepared 3 samples with similar moisture content for the same soil type, and the process was 
followed for other soil types.  
3.3.3 Small Direct Shear Test 
The direct shear test is performed to measure the consolidated-drained shear strength of a sandy to 
the silty soil. The shear strength is one of the most significant engineering parameters of a soil, 
because it is necessary whenever a structure relies on the soil’s shearing resistance. The shear 
strength is required for engineering situations such as evaluating the stability of slopes or cuts, 
determining the bearing capacity for foundations, and measuring the pressure exerted by a soil on 
a retaining wall. This test was conducted following the reference ASTM D3080-72. Figure 3.21 
shows the sample ready to undergo for a test.  
 Dry sandy soil and clay soils with different consistency were used to determine friction 
angle and cohesion, respectively. Clay soil included Low PI (PI=11), Medium PI 1 (PI=21), 
Medium PI 2 (PI=31), Medium PI 3 (PI=38) and High PI (PI=53). Tests were conducted by five 
operators where every operator prepared nine samples for each type of material. For all tests, 10 




Figure 3.21: Small Direct Shear Test 
3.3.4 One Dimensional Consolidation Test  
This test method is usually conducted on fine-grained soils, which are undisturbed and naturally 
sedimented in water. The basic test procedure is applicable to specimens of compacted soils and 
undisturbed samples of soils formed by other processes such as chemical alteration, weathering, 
and stress distribution, among others. Evaluation techniques are specified in reference ASTM 
D2435-04.  
 The consolidation properties of soil determined from the consolidation test are used to 
calculate the magnitude and the rate of both primary and secondary consolidation settlement of a 
structure or an earth fill. Properties determined from this test are of key significance in the 
evaluation and design of structural performance. Figure 3.22 shows the one-dimensional 
consolidation test.  
 Tests were conducted on clays soils ranging from Low PI (PI =11) to High PI (PI=53). 
There were three operators who prepared three specimens of the same soil maintaining the 




Figure 3.22: One-dimensional Consolidation Test 
 From consolidation tests, determination of pre-consolidation pressure (Pc), compression 
index (Cc), recompression index (Cr) are evaluated from void ratio vs pressure curve while the 
measurement of t90 and d50 are determined from settlement vs time graph using Tylor’s method. 






 Where: cv = the coefficient of consolidation, T = a dimensionless time factor, which value 
is 0.848 for 90 percent consolidation, t = time corresponding to the particular degree of 
consolidation. For Taylor’s method t = t90. HD50 = Length of the drainage path at 50 percent 
consolidation cm or m: for double-sided drainage, HD50  is half the specimen height at the 
appropriate increment; and for one-sided drainage, HD50 is the full-specimen height. 
3.3.5 California Bearing Ratio (CBR) Test 
The California Bearing Ratio (CBR) test is a comparatively easy test that is usually designed as an 
indicator of the strength of a subbase, and base course material in highways and airfield pavement 




remolded (compacted) specimens, although they can be conducted on undisturbed soils. Remolded 
specimens can be compacted to their maximum unit weights at their optimum moisture contents if 
the CBR is desired at 100% maximum dry unit weight and optimum moisture content. CBR tests 
can also be performed at the desired unit weights and moisture contents. Soil samples are tested 
by placing them in water for 96 hours in order to simulate very poor soil conditions. Figure 3.23 
indicates the CBR test in the universal testing machine. 
 
Figure 3.23: California Bearing Ration (CBR) Test 
 The CBR is defined as the ratio (expressed as a percentage) obtained by dividing the 
standard penetration stress. A load is applied by a piston with a diameter of 49 mm (1.95 inches) 
to penetrate 0.10 inches into the soil by a standard penetration stress of 1,000 psi. This standard 
penetration stress causes penetration 0.10 in. into a compacted material. The CBR may be 
expressed: 
CBR = (1000 psi) / (penetration stress (psi) required to penetrate 0.10 inch) x 100%     (3.2) 
 It needs to be mentioned that the 1,000 psi in the denominator is the standard penetration 
stress for 0.10-inch penetration. If the bearing ratio based on a penetration stress required to 
penetrate 0.20-inch with a corresponding standard penetration stress of 1,500 psi is greater than 
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the one for a 0.10-inch penetration, the test should be repeated, and if the result is still similar, the 
ratio based on the 0.20-inch penetration should be reported as the CBR value. 
 Materials used for this test are sand, recycled asphalt pavement (RAP), Kentucky limestone 
and Mexican limestone. 5 operators performed tests with all types of materials, and each operator 


















CHAPTER 4: ANALYSIS AND RESULTS 
4.1 Introduction  
This chapter includes the analysis and results of all experimental data, which include box, field 
and lab tests. Analyses are performed based on the Gauge R & R method, which includes the X-
Bar/R method and the ANOVA (Analysis of Variance). Besides, the Second Moment (SM) 
statistics is also used where Gauge R & R method could not apply. The X-Bar/R and the ANOVA 
methods are followed from Measurement System Analysis (MSA) manual (4th Edition) (page 118-
121, 195-198). 
4.2 Analysis of Box Test Data  
Tests are performed in the front, the middle and the back location of the box. In order to apply the 
X-Bar/R and the ANOVA methods, the front, the middle and the back locations are considered as 
specimen 1, 2 and 3, respectively. Data are then corrected with typical Poison’s ratio if necessary. 
Figure 4.1 illustrates the specimen determination for analysis. 
 




The Gauge R & R method can be applied for the Geogauge, LFWD & D-SPA whereas 
only the FOSM can be applied for the DCP, the NDG and the E-Gauge. The Gauge R & R method 
can’t be applied for the DCP as repeatability can’t be measured, and for the NDG and the E-Gauge, 
reproducibility can’t be determined.           
4.2.1 Analysis of Geogauge, Light Falling Weight Deflectometer (LFWD) and Dirt Portable 
Seismic Analyzer (D-SPA) according to X-Bar/R Method 
 
To assess the variability within the device, operator and specimen, repeatability and reproducibility 
and specimen variability have to be considered, respectively.  The Geogauge, Light Falling Weight 
Deflectometer (LFWD) and Dirt Portable Seismic Analyzer (D-SPA) data can be evaluated using 
the X-Bar/R method as this method allows repeatability (repetition), reproducibility (operator 
variation) and specimen variability.  Table 4.1 illustrates the calculation of total average and the 
average range of data according to the X-Bar/R method for five operators.  
Table 4.1: Analysis of data according to X-Bar/R Method 
Material  Location  Operator 1 































(Table 4.1 Continued) 
Material  Location  Operator 2 

























49.45 0.61 49.79 
49.19 
 
Material  Location  Operator 3 






























(Table 4.1 Continued) 
Material  Location  Operator 4 

























56.82 1.73 57.60 
56.99 
 
Material  Location  Operator 5 































At first, total average and average range need to be calculated to determine repeatability 
and reproducibility, respectively. Bias correction factors can be determined from Table 4 given in 
Appendix A. After calculation of specimen variability, total variability can be evaluated. Using 
total variability and data average, the coefficient of variations can be determined. All equations 
required to calculate total variability are described in Table 2.7.  Table 4.2 to 4.5 show calculation 
of repeatability, reproducibility, specimen variability and the coefficient of total variability, 
respectively.  
Table 4.2: Repeatability Analysis according to X-Bar/R Method 
Analysis - Repeatability (EV) 
Average Range        
(R-Bar) 
Bias Correction Factor 
(d2) 
Repeatability or Equipment 
Variation, σrepeatability (R-bar/d2)  
MPa   MPa 
2.89 1.693 1.7 
 
Table 4.3: Reproducibility Analysis according to X-Bar/R Method 





















σreproducibility         
MPa         MPa 
9.05 1.74 3.00 3.00 1.43 5.18 
 
Table 4.4: Specimen Variability Analysis according to X-Bar/R Method 
Material  Specimen 1  Specimen 2 Specimen 3 Specimen Variability (SV) 
  Data Avg. Data Avg. Data Avg. 
Range of the 
specimen 








σspecimen             
(Rs/d2*) 
  MPa MPa MPa MPa   MPa 





























variations   
MPa MPa MPa MPa % 
5.4 0.4 5.5 54.4 10.0 
 
4.2.2 Analysis of Geogauge, Light Falling Weight Deflectometer (LFWD) and Dirt Portable 
Seismic Analyzer (D-SPA) according to ANOVA Method 
 
Another statistical technique to compute total variability is Analysis of Variance (ANOVA). This 
technique is superior to the X-Bar/R method as it incorporates operator – specimen interaction. 
Equations required to calculate total variability are taken from Table 2.8. ANOVA analysis is 
performed via the Statistical Analysis System (SAS) program where the probability is taken for 
the 95 percent confidence interval. Table 4.6 shows the process to calculate total variability. 
Table 4.6: The coefficient of Variation (COV) Analysis of Geogauge according to ANOVA 
Method 
Geogauge - ANOVA 
Material 
Type  
Avg.  EV²   AV² = θ² + α²  SV²  Gauge R & R TV (Total 
Variability) 
COV 
    MSSE θ²   α²  θ² + α² ʋ² √( EV² + AV²)     
  MPa           MPa MPa % 
Sand  54.4 2.2 14.5 3.7 18.2 0.4 4.5 4.6 8.4 
Here, EV = Equipment Variability, AV = Appraiser (Operator) Variability, SV = Specimen 
Variability, MSSE = Mean Sum of Square Error 
 
 Summary of Geogauge, LFWD and D-SPA is presented in Table 4.7. It is observed from 
Table 4.7 that, for Geogauge, COV ranges from 5.8% to 15.3% for the X-Bar/R method while 
COV varies from 7.4% to 18.1% for the ANOVA method. For LFWD, COV ranges from 7.4% to 
14.3% and 8.2% to 24.4% for the X-Bar/R method and the ANOVA method, respectively. For D-
SPA, COV ranges from 4.2% to 9.6% for the X-Bar/R method while COV varies from 6.7% to 
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15.4% for the ANOVA method. In addition, COV is also calculated for second moment statistics 
and presented in Table 4.7. Ranges of the coefficient of variation of Geogauge, LFWD and D-SPA 
are 6.7% to 15.6%, 10.9% to 20.8% and 5.9% to 10%, respectively. Moreover, the coefficient of 
variations of High PI (PI=53) with 5% lime and 4% cement, Medium PI 2(PI=31) and High PI 
(PI=53) are the greatest for Geogauge, LFWD and D-SPA, respectively.  
 While comparing variability among the materials tested in the blue box with the Geogauge, 
and LFWD devices, Medium PI 2 (PI=31) soil shows the higher the coefficient of variations. 
Among all statistical techniques, the maximum COVs are determined from the ANOVA method 
and, which are 18.1% and 24.4% for the Geogauge and LFWD, respectively. In the case of the 
DSPA, the maximum COV is evaluated using the ANOVA method for Medium PI 3 (PI=35) soil.  























COV COV COV COV COV COV COV COV COV 
  % % % % % % % % % 
Sand  7.6 9.9 8.3 10.9 7.4 13.1 6.5 5.5 6.7 
RAP 7.1 7.2 7.4 11.4 12.9 12.4 5.9 4.2 6.8 
Low PI 
(PI=11) 
11.4 8.8 12.2 14.2 11.6 19.1 - - - 
High PI 
(PI=53) 
7.2 5.1 8.3 11.3 10.6 11.8 10.0 5.4 10.2 
High PI 
(PI=53) 
+5% lime + 
4% Cement 
14.9 12.5 16.5 15.9 10.3 18.4 - - - 
Medium PI 
3 (PI=35) + 
5% lime + 
4% Cement 
11.0 10.8 11.8 15.6 12.4 18.7 - - - 
Kentucky 
Limestone  






(Table 4.7 continued) 
Summary  
Material 
















COV COV COV COV COV COV COV COV COV 
  % % % % % % % % % 
Mexican 
Limestone  

















15.2 15.3 17 16.9 9.5 20.4 - - - 
 
4.2.3 Dynamic Cone Penetrometer (DCP)  
 
 The Dynamic Cone Penetrometer (DCP) tests have been conducted on twelve materials in 
the box. The DCPI indicates the strength of material along the depth. For the compacted materials 
with high maximum dry density and optimum moisture content, DCPI value decreases. From 
Figure 4.2 of sand, it is observed that DCPI values decrease along the depths. 
 




 As dynamic Cone Penetrometer tests have been performed by three operators, operator 
related variabilities are grouped into three segments. Therefore, the coefficient of variations can 
be found for operator 1, operator 2 and operator 3, which is shown in Table 4.8. From the summary 
of the operator related variability, the coefficient of variations range from 2.1% to 16.4%. The 
coefficient of variation is the lowest for Mexican limestone and the greatest for High PI (PI=53) 
soil. Likewise, considering all operators, DCPI average (mm/blow) is maximum for High PI 
(PI=53) and minimum for Mexican limestone.  
 Summary of the location related variability of the DCPI average (mm/blow) is presented 
in Table 4.9. From the summary of the location related variability, the coefficient of variations 
range from 1.6% to 16.4%.  
Table 4.8: Summary of Operator Related Variability of DCPI Avg. (mm/blow) 
Summary of Operator Related Variability 
Material Operator 1 Operator 2 Operator 3 
DCPI 
Avg. 
SD  COV  DCPI 
Avg. 
SD  COV  DCPI 
Avg. 
SD  COV  













Low PI (PI=11) 15.8 1.5 9.5 15.9 0.7 4.5 15.3 0.5 3.0 
Mexican Limestone  2.7 0.1 2.1 3.1 0.3 10.0 2.3 0.1 2.5 
High PI (PI=53) 52.5 8.6 16.4 48.5 5.0 10.4 50.7 5.5 10.8 
Medium PI 1 (PI=21) 27.9 1.0 3.5 27.1 0.9 3.2 31.7 3.8 12.0 
Medium PI 2 (PI=31) 28.3 0.8 2.7 31.4 2.0 6.3 34.6 1.8 5.2 
Medium PI 3 (PI=38) 36.8 4.7 12.8 35.3 5.4 15.2 37.0 5.9 16.0 
Sand 24.7 1.3 5.3 26.9 0.7 2.4 27.7 3.4 12.3 
RAP 9.0 0.4 4.0 8.0 0.3 3.8 6.8 0.4 5.3 
Kentucky Limestone 3.3 0.1 1.8 3.6 0.1 1.6 3.0 0.1 3.9 
Medium PI 3 (PI=38) with 
5% Lime & 4% Cement 
17.8 0.8 4.7 17.9 2.0 11.0 17.8 0.7 4.2 
Low PI (PI=11) with 3% 
Cement 
14.7 1.1 7.4 13.1 0.9 7.0 15.0 0.7 4.4 
High PI (PI=53) with 5% 
Lime & 4% Cement 






Table 4.9: Summary of Location Related Variability of DCPI Avg. (mm/blow) 
Summary of Location Related Variability 
Material Operator 1 Operator 2 Operator 3 
DCPI 
Avg. 
SD  COV  DCPI 
Avg. 
SD  COV  DCPI 
Avg. 
SD  COV  













Low PI (PI=11) 15.8 1.5 9.5 15.9 0.7 4.5 15.3 0.5 3.0 
Mexican Limestone  2.7 0.1 2.1 3.1 0.3 10.0 2.3 0.1 2.5 
High PI (PI=53) 52.5 8.6 16.4 48.5 5.0 10.4 50.7 5.5 10.8 
Medium PI 1 (PI=21) 27.9 1.0 3.5 27.1 0.9 3.2 31.7 3.8 12.0 
Medium PI 2 (PI=31) 28.3 0.8 2.7 31.4 2.0 6.3 34.6 1.8 5.2 
Medium PI 3 (PI=38) 36.8 4.7 12.8 35.3 5.4 15.2 37.0 5.9 16.0 
Sand 24.7 1.3 5.3 26.9 0.7 2.4 27.7 3.4 12.3 
RAP 9.0 0.4 4.0 8.0 0.3 3.8 6.8 0.4 5.3 
Kentucky Limestone 3.3 0.1 1.8 3.6 0.1 1.6 3.0 0.1 3.9 
Medium PI 3 (PI=38) with 
5% Lime & 4% Cement 
17.8 0.8 4.7 17.9 2.0 11.0 17.8 0.7 4.2 
Low PI (PI=11) with 3% 
Cement 
14.7 1.1 7.4 13.1 0.9 7.0 15.0 0.7 4.4 
High PI (PI=53) with 5% 
Lime & 4% Cement 
20.2 2.1 10.2 20.2 2.0 9.7 20.7 1.3 6.3 
 
4.2.4 Nuclear Density Gauge (NDG) 
The Nuclear Density Gauge (NDG) tests were performed in three different locations of the box by 
one operator. Therefore, location related variability analysis was performed for the Nuclear 
Density Gauge. The location related variability can be analyzed for dry density and moisture 
content. Table 4.10 and Table 4.11 show the location related variabilities for dry density and 
moisture content of the materials.  
From Table 4.10 and Table 4.11, it can be found that COVs range from 0.51% to 4.20% 
2.40% to 25.11% for dry density and moisture content, respectively.  For dry density, RAP and 
Mexican Limestone show maximum and minimum the coefficient of variations, respectively. For 
Moisture content, maximum and minimum the coefficient of variations are observed for High PI 
(PI=53) with 5% Lime & 4% Cement and Low PI (PI=11) with 3% Cement, respectively. 
78 
 
Table 4.10: Summary of Location Related Variability of COV of NDG (Dry Density) 
Summary of NDG (Dry Density) Based on Locations  
Material Front Location  Middle Location Back Location 
Data 
Avg. 
SD COV Data 
Avg. 
SD COV Data 
Avg. 
SD COV 
  pcf pcf  % pcf pcf  % pcf pcf  % 
Low PI (PI=11) 104.6 1.3 1.3 105.7 1.7 1.6 104.6 1.8 1.7 
Mexican 
Limestone  
125.4 0.8 0.6 124.2 0.6 0.5 125.3 1.8 1.5 
High PI (PI=53) 77.7 2.4 3.1 78.0 1.3 1.6 76.9 2.1 2.7 
Medium PI 1 
(PI=21) 
103.1 2.9 2.8 102.1 0.7 0.7 101.2 1.0 0.9 
Medium PI 2 
(PI=31) 
93.6 2.7 2.8 95.4 2.9 3.1 94.7 1.8 1.9 
Medium PI 3 
(PI=38) 
91.5 2.4 2.6 90.8 1.9 2.1 88.6 2.1 2.3 
Sand 101.3 1.7 1.7 101.0 1.9 1.9 100.4 1.1 1.1 
RAP 122.4 5.1 4.2 123.5 5.1 4.1 122.7 5.2 4.2 
Kentucky 
Limestone 
139.3 1.6 1.1 138.4 2.1 1.5 138.5 1.2 0.9 
Medium PI 3 
(PI=38) with 5% 
Lime & 4% 
Cement 
93.4 1.3 1.4 91.6 0.8 0.8 92.3 0.7 0.7 
Low PI (PI=11) 
with 3% Cement 
100.3 3.1 3.1 97.3 0.6 0.6 99.6 0.9 0.9 
High PI (PI=53) 
with 5% Lime & 
4% Cement 
100.7 6.2 6.1 88.5 1.7 2.0 93.7 1.6 1.7 
 
Table 4.11: Summary of Location Related Variability of COV of NDG (Moisture Content)  
Summary of NDG (Moisture Content) Based on Locations  
Material Front Location  Middle Location Back Location 
Data 
Avg. 
SD COV Data 
Avg. 
SD COV Data 
Avg. 
SD COV 
  % % % % % % % % % 
Low PI (PI=11) 16.8 0.7 4.1 16.6 0.8 4.5 16.4 0.7 4.5 
Mexican Limestone  10.1 1.0 10.2 10.1 1.2 12.2 9.6 1.4 14.6 
High PI (PI=53) 36.9 1.7 4.7 37.0 1.5 4.1 36.1 1.5 4.2 
Medium PI 1 (PI=21) 18.9 0.7 3.6 19.3 0.8 4.4 19.3 0.8 3.9 
Medium PI 2 (PI=31) 22.3 1.1 5.0 21.1 0.9 4.0 20.8 0.7 3.3 





(Table 4.11 continued) 
Summary of NDG (Moisture Content) Based on Locations  
Material Front Location  Middle Location Back Location 
Data 
Avg. 
SD COV Data 
Avg. 
SD COV Data 
Avg. 
SD COV 
  % % % % % % % % % 
Sand 9.3 1 10.7 9.1 1.1 12.3 9.4 0.9 9.9 
RAP 5.4 1.1 19.8 5.4 1.1 19.5 5.6 1 18.5 
Low PI (PI=11) 16.8 0.7 4.1 16.6 0.8 4.5 16.4 0.7 4.5 
Kentucky Limestone 6.6 0.5 7.3 6.6 0.5 6.9 6.7 0.4 6.5 
Medium PI 3 (PI=38) 
with 5% Lime & 4% 
Cement 
23.4 1.1 4.8 24.4 1 4 24 0.6 2.6 
Low PI (PI=11) with 
3% Cement 
16.3 1.1 6.8 17 0.7 4.2 16.9 0.4 2.4 
High PI (PI=53) with 
5% Lime & 4% 
Cement 
17.7 3.4 25.1 20 0.6 2.8 17.3 1.6 9.1 
 
4.2.5 E-Gauge 
Like the Nuclear Density Gauge, the E-Gauge test was also performed in three different locations 
of the box. The E-Gauge test was also performed by a single operator. This test can measure both 
dry density and moisture content. While performing the test, the moisture probe sometimes didn’t 
work due to internal problems with the device. In that case, only the wet density of the tested 
material could be measured. Table 4.12 and Table 4.13 summarize the coefficient of variations 
induced by dry/wet density and moisture content.  
 From Table 4.12, COVs range from 0.37% to 8.19% and 0.41% to 4.02% for dry and wet 
density, respectively. Moisture content varies from 1.76% to 18.8%, which is presented in Table 
4.13. Maximum and minimum the coefficient of variations for dry density are noticed for High PI 
(PI=53) and High PI (PI=53) with 5% Lime & 4% Cement (Dry Density), respectively. In the case 
of moisture content, maximum and minimum the coefficient of variations for dry density are 
observed for High PI (PI=53) and Low PI (PI=11) with 3% Cement, respectively. 
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Table 4.12: Summary of Location Related Variability of COV of E-Gauge (Dry/Wet Density) 
Summary of EGAUGE (Dry/Wet Density) Based on Locations  
Material Front Location  Middle Location Back Location 
Data 
Avg. 
SD  COV Data 
Avg. 
SD  COV Data 
Avg. 
SD  COV 
  pcf pcf  % pcf pcf  % pcf pcf  % 
High PI (PI=53) (Dry 
Density) 
88.65 6.92 7.81 88.06 6.94 7.88 87.07 7.13 8.19 
Medium PI 1 (PI=21) 
(Wet Density) 
114.85 1.05 0.92 115.97 2.71 2.33 116.11 2.68 2.31 
Medium PI 3 (PI=38) 
(Wet Density) 
116.74 0.60 0.52 116.24 0.93 0.80 115.91 0.96 0.83 
Sand (Wet Density) 106.36 3.46 3.25 106.93 3.74 3.49 106.41 4.28 4.02 
RAP (Wet Density) 120.94 2.88 2.38 120.94 3.25 2.69 121.40 2.92 2.41 
Kentucky Limestone 
(Wet Density) 
158.01 0.64 0.41 157.82 0.82 0.52 158.23 0.84 0.53 
Medium PI 3 (PI=38) 
with 5% Lime & 4% 
Cement (Dry Density) 
95.98 0.53 0.55 96.77 0.50 0.52 97.40 0.42 0.43 
Low PI (PI=11) with 3% 
Cement (Dry Density) 
105.27 0.55 0.52 106.33 0.81 0.77 107.30 0.50 0.47 
High PI (PI=53) with 
5% Lime & 4% Cement 
(Dry Density) 
92.93 1.16 1.25 87.00 0.70 0.80 81.70 0.30 0.37 
 
 
Table 4.13: Summary of Location Related Variability of COV of E-Gauge (Moisture Content) 
Summary of EGAUGE (Moisture Content) Based on Locations  
Material Front Location  Middle Location Back Location 
Data 
Avg. 
SD  COV Data 
Avg. 
SD  COV Data 
Avg. 
SD  COV 
  % % % % % % % % % 
High PI (PI=53) 25.11 4.54 18.10 24.26 4.19 17.26 25.44 4.78 18.80 
Medium PI 3 
(PI=38) with 5% 
Lime & 4% 
Cement 
21.07 0.42 1.98 20.20 0.36 1.78 20.50 0.60 2.93 
Low PI (PI=11) 
with 3% Cement 
14.20 0.46 3.23 13.87 0.60 4.35 13.87 0.35 2.53 
High PI (PI=53) 
with 5% Lime & 
4% Cement 





4.2.6 Plate Load Test  
In PLT tests, determination of amounts of plastic and elastic deformations are desirable. Besides, 
the initial modulus and reloading are evaluated with the help of normal stress vs settlement plot. 
The initial modulus and the reloading modulus can be evaluated using Equation 2.17. 
 Plate Load tests were performed in the middle location of the box. Plate Load tests may 
not be included to analyze for variability as this test was performed by a single operator with one 
repetition. This test was conducted on twelve materials to determine the initial and first reloading 
modulus. Further study can include the determination of the resilient modulus of these materials. 
 
Figure 4.3: Plate Load Test of Low PI (PI=11) Soil 
 
 From Figure 4.3, it is observed that initial modulus is determined from the initial portion 
of the curve where the slope of the initial modulus extends to the increase of the initial loading, 
and reloading modulus is evaluated from the reloading part of the curve. Reloading modulus is the 
average value between the unloading curve of the first cycle and reloading curve of the second 
cycle. Calculation of initial and reloading modulus is presented in Table 4.14.  
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Table 4.14: Calculation of Initial and Reloading Modulus of Low PI (PI=11) Soil 









  psi lb   inch inch psi Mpa 
Initial Modulus 
(EPLT(i))  
65 2872 0.4 3.75 0.035 11700 80.7 
Reloading Modulus 
(EPLT(R1))  
65 2872 0.4 3.75 0.067 6112 42.1 
 
 Summary of initial and reloading modules of all materials is shown in Table 4.15. Initial 
modulus is maximum for Kentucky Limestone (344.9 MPa) and minimum for Sand (23.6 MPa), 
and reloading modulus is Maximum for Kentucky Limestone (222.5 MPa) and minimum for High 
PI (PI=53) (11.7 MPa). 
Table 4.15: Summary of Plate Load Test of all Materials 






Low PI (PI=11) 80.7 42.1 
Mexican Limestone  311.2 163.5 
High PI (PI=53) 23.5 11.7 
Medium PI 1 (PI=21) 44.5 24.3 
Medium PI 2 (PI=31) 38.9 19.4 
Medium PI 3 (PI=38) 32.0 12.4 
Sand 23.6 42.1 
RAP 68.1 54.5 
Kentucky Limestone 344.9 222.5 
Medium PI 3 (PI=38) with 5% Lime 
& 4% Cement 
114.6 43.5 
Low PI (PI=11) with 3% Cement 150.8 41.8 




4.3 Analysis of Constructed Field Test Data  
Analyses of constructed field tests are the same as analyses of box tests. X-Bar/R and ANOVA 
methods can also be applied for Geogauge and Light Falling Weight Deflectometer (LFWD). 
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There are 14 sections constructed at Accelerated Loading Facility (ALF). Four sections were 
construed at high reduced level and other four sections were constructed at low reduced level. 
There were four more sections, which were constructed in high reduced level as micro-cracking 
sections. In the case of dynamic cone penetrometer, operator and location related variability are 
analyzed using the Second Moment statistics. In the case of the Nuclear Density Gauge (NDG) 
and E-Gauge, only the location related variability can be evaluated as these devices were 
conducted by the single operator.  Table 4.16 shows the properties of the 14 constructed sections 
required to be analyzed for the variability assessment. 
Table 4.16: Properties of the fourteen constructed sections at ALF 
Properties Summary of All Construction Sections 
Section Type Properties of the sections 
Section 1  Low PI (PI = 11) with 7% Lime + 15% Fly Ash 
Section 2  Heavy Clay (PI = 38) with 7% Lime + 6% Cement 
Section 3 Low PI (PI = 11) with 8% Cement 
Section 4  Heavy Clay (PI = 38) with 3%Lime + 2% Cement 
Section A  Low PI (PI = 11) with 5% Lime + 11% Fly Ash 
Section B  Heavy Clay (PI = 38) with 2.5% Lime + 2% Cement 
Section C  Heavy Clay (PI = 38) with 6.0% Lime + 4% Cement 
Section D  Low PI (PI = 11), 5% Cement 
Soil Cement Section 1  8% Soil Cement, No Micro-Cracking 
Soil Cement Section 2  8% Soil Cement, Low Micro-Cracking 
Soil Cement Section 3  8% Soil Cement, Medium Micro-Cracking 
Soil Cement Section 4  8% Soil Cement, High Micro-Cracking 
Soil Cement Section 5  6% Soil Cement, No Micro-Cracking 
Soil Cement Section 6  6% Soil Cement, Medium Micro-Cracking 
 
4.3.1 Geogauge and Light Falling Weight Deflectometer (LFWD) 
Analyses of the Geogauge and the Light Falling Weight Deflectometer include both the X/Bar-R 
and the ANOVA methods. Results of analyses are presented in terms of the coefficient of 
variations (COVs) where the COVs of both the Geogauge and the Light Falling Weight 
Deflectometer are determined by total variability where total variability is grouped into 
repeatability, reproducibility and specimen variability. Table 4.17 shows a summary of the COVs 
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of the Geogauge and the LFWD according to the X-Bar/R and ANOVA method. From Table 4.17, 
in the case of the Geogauge, the coefficient of variations range from 7.7% to 21.0% for the X-
Bar/R method, while the coefficient of variations vary from 11.4% to 21.6% for the ANOVA 
method, and while considering the LFWD, the coefficient of variation ranges from 7.3% to 20.3% 
for the X-Bar/R method while the coefficient of variation varies from 8.2% to 18.9% for the 
ANOVA method.  
Table 4.17: Summary of COV of Geogauge and LFWD according to X-Bar/R and ANOVA 
Method 





X-Bar  ANOVA Second 
Moment  
X-Bar  ANOVA 
COV COV COV COV COV COV 
 % % % % % % 
Section 1  13.2 17.5 14.3 7.1 9.1 7.9 
Section 2  15.5 7.7 16.3 10.9 13.9 8.2 
Section 3 12.5 15.7 15.3 9.3 19.8 10.0 
Section 4  14.4 10.3 16.1 14.2 18.0 13.2 
Section A  20.2 16.4 23.6 7.0 7.3 8.1 
Section B  11.1 12.3 11.8 7.5 7.4 13.0 
Section C  18.6 14.7 21.6 13.9 9.4 14.9 
Section D  11.6 18.9 11.4 12.5 13.6 14.3 
Soil Cement Section 1  12.1 17.0 14.0 8.5 8.0 9.8 
Soil Cement Section 2  13.2 21.0 16.3 14.7 15.1 15.8 
Soil Cement Section 3  12.9 18.1 14.9 16.5 18.3 18.9 
Soil Cement Section 4  11.6 9.2 13.6 16.7 20.3 18.6 
Soil Cement Section 5  11.9 10.2 14.2 12.1 10.3 13.1 
Soil Cement Section 6  11.6 17.2 13.9 8.9 9.0 9.2 
 
4.3.2 Dynamic Cone Penetrometer (DCP) 
Dynamic Cone Penetrometer (DCP) tests were conducted in each constructed section at ALF. The 
thickness of each section is 12 inches or 30.5 cm. Figure 4.4 shows two sections – section 4 and 
section C where section 4 was constructed at the high reduced level and section C was constructed 
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at the low reduced level at ALF. DCP was conducted by three operators, and as there are four 
locations of each constructed section, every operator conducted DCP tests four times. From the 
summary of DCPI (mm/blow), the coefficient of variations of operator related variability ranges 
from 6.3% to 20.3% where COVs for location related variability varies from 2.6% to 20.5%, which 
are presented in Table 4.18 and Table 4.19, respectively. For micro-cracking sections, the COVs 
of DCPI (mm/blow) fluctuates from 14.90% to 20.1%, which is presented in Table 4.20. 
  
Figure 4.4: Soil Profile of Section 4 and Section C at the ALF 
Table 4.18: Summary of Operator Related Variability of COV of DCPI (mm/blow) 
Summary of Operator Related Variability 




SD  COV  
DCPI 
Avg. 
SD  COV  
DCPI 
Avg. 

















Section 1  26.4 1.5 5.6 27.2 0.9 3.2 27.7 1.0 3.7 
Section 2  12.9 2.3 17.7 19.0 3.3 17.1 17.8 1.9 10.4 
Section 3 6.8 0.4 6.3 6.8 0.4 6.6 9.3 1.0 10.8 
Section 4  15.2 1.3 8.4 18.6 2.8 14.9 16.0 0.8 5.1 
Section A  26.3 1.7 6.3 26.3 2.3 8.6 26.9 1.8 6.9 
Section B  33.2 5.6 16.7 32.3 6.5 20.1 32.2 4.4 13.6 
Section C  13.3 2.1 15.8 11.6 1.7 15.0 11.2 0.9 8.2 
Section D  11.3 2.3 20.3 12.9 2.1 16.5 11.2 0.9 8.2 
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Table 4.19: Summary of Location Related Variability of COV of DCPI 
Summary of Location Related Variability 



























Section 1  27.0 4.9 26.6 2.6 27.0 7.6 27.8 2.7 
Section 2  18.1 20.1 16.2 29.4 14.4 21.8 17.5 20.5 
Section 3  7.4 13.6 7.4 16.3 7.6 19.9 7.6 19.2 
Section 4  17.1 18.4 16.5 3.9 15.6 8.4 17.1 21.2 
Section A 24.7 7.8 26.5 7.2 27.0 4.8 27.8 2.9 
Section B  31.2 5.0 32.7 3.6 26.7 7.8 39.7 2.9 
Section C  11.3 16.8 10.8 5.1 13.4 8.8 12.6 19.0 
Section D  10.6 4.3 12.3 20.8 13.4 8.6 10.8 17.2 
 
Table 4.20: Summary of Whole Section Variability of COV of Cementitious Sections 
Summary of Whole Section Variability (Micro-Cracking) 
Materials DCPI Avg. SD  COV  
  mm/blow  mm/blow  % 
Soil Cement Section 1  10.7 1.9 17.5 
Soil Cement Section 2  12.3 2.5 20.1 
Soil Cement Section 3  10.3 1.6 15.5 
Soil Cement Section 4  11.2 2.1 18.8 
Soil Cement Section 5  9.4 1.4 14.9 
Soil Cement Section 6  9.8 1.7 16.9 
 
 From the Table 4.18 and Table 4.19, it can also be observed that section D (Low PI (PI = 
11), with 5% Cement) shows maximum the coefficient of variations for operator related variability 
whereas Section 2 (Heavy Clay (PI = 38) with 7% Lime and 6% Cement) shows maximum COV 
for location related variability. Minimum COVs are found for Section 1 (Low PI (PI = 11) with 
7% Lime and 15% Fly Ash). From Table 4.20, maximum and minimum the coefficient of 
variations are observed for Soil Cement Section 2 (8% Soil Cement, Low MC) and Soil Cement 




Figure 4.5: Soil Profile of Soil Cement Section 3 
 Figure 4.5 shows the soil profile of the soil cement section 3, which is considered as 
medium micro-cracking section. The section was constructed for 20 cm or 8 inches maintaining 8 
percent soil cement. 
4.3.3 Nuclear Density Gauge (NDG) 
The Nuclear Density Gauge (NDG) has been conducted in four different locations of the sections, 
and it was run by the single operator. Eight constructed sections (Section 1-4 and Sections A-D) 
include four locations where Nuclear Density Gauge was allowed to be operated. Other six 
constructed sections (Micro-cracking) have five locations where Nuclear Density Gauge was 
supposed to be performed. Nuclear Density Gauge couldn’t run in section 2, 3 and 5 as the device 
didn’t work at that time. Table 4.21 and Table 4.22 show location related variabilities for dry 



























20 cm or 8 inch
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Table 4.21: Summary of Location Related Variability of NDG (Dry Density) of the eight 
sections 
Summary of Location Related Variability 




COV  Avg. 
Dry 
Density 
COV  Avg. 
Dry 
Density 




  pcf % pcf % pcf % pcf % 
Section 1  83.9 0.8 80.2 3.9 76.6 1.7 78.7 0.9 
Section 2  97.3 0.6 99.9 3.2 99.3 1.1 84.5 2.1 
Section 3  97.5 0.6 96.3 1.0 100.6 0.6 98.9 0.9 
Section 4 72.7 2.1 75.5 0.7 70.7 1.4 71.2 2.0 
Section A  76.6 1.5 76.8 1.2 75.1 0.2 78.2 2.0 
Section B  74.2 1.3 72.8 2.9 70.9 1.3 71.0 1.9 
Section C  95.4 0.7 96.2 0.2 92.9 1.2 89.4 0.4 
Section D  93.1 2.6 92.2 4.2 96.8 1.7 90.9 2.0 
 
 From Table 4.21, it can be observed that the COVs of the dry density range from 0.60% to 
2.6%. It is also noticed from Table 4.22 that the COVs of the dry density range from 1.40% to 
2.9%. 
Table 4.22: Summary of Location Related Variability of NDG (Dry Density) at the three sections 
(Micro-cracking) 
Summary of Location Related Variability 




COV  Avg. 
Dry 
Density 
COV  Avg. 
Dry 
Density  
COV  Avg. 
Dry 
Density 




  pcf % pcf % pcf % pcf % pcf % 
Soil Cement 
Section 1  
140.6 2.9 146.5 1.1 140.4 1.8 126.7 2.4 138.6 1.4 
Soil Cement 
Section 4  
135.3 2.3 146.6 1.6 140.5 1.8 127.4 2.0 127.9 2.0 
Soil Cement 
Section 6 
127.7 2.0 137.2 1.9 137.0 1.5 119.7 1.4 131.7 1.4 
 
 Calculations of location related variabilities for moisture content is similar to the dry 
density calculation and are presented in Table 4.23 and Table 4.24.  
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Table 4.23: Summary of Location Related Variability of COV of NDG (Moisture Content) of the 
eight sections 
Summary of Location Related Variability 
Material Location 1 Location 2 Location 3 Location 4 
Moisture 
Content  
COV  Dry 
Density 
COV  Dry 
Density 
COV  Dry 
Density 
COV  
  % % % % % % % % 
Section 1  28.0 4.0 24.2 3.8 30.3 2.2 30.6 4.1 
Section 2  20.2 2.3 19.0 5.3 15.8 1.7 24.7 6.9 
Section 3  17.8 4.4 18.4 3.7 17.7 2.0 19.3 3.2 
Section 4 38.2 1.4 34.7 2.0 39.4 0.7 39.0 3.9 
Section A  30.9 4.4 31.7 2.4 32.0 3.8 28.8 2.6 
Section B  38.0 4.6 34.5 13.3 37.4 5.4 33.1 1.8 
Section C  19.8 1.3 18.2 2.2 17.9 1.5 19.2 1.9 
Section D  25.4 5.6 19.4 9.8 21.4 17.5 23.1 9.6 
 
Table 4.24: Summary of NDG (Moisture Content) of the three sections (Micro-Cracking) 
Summary of Location Related Variability 
Material Location 1 Location 2 Location 3 Location 4 Location 5 
Avg. 
MC 
COV  Avg. 
MC 
COV  Avg. 
MC 
COV  Avg. 
MC 
COV  Avg. 
MC 
COV  
  % % % % % % % % % % 
Soil Cement 
Section 1  
12.5 9.2 13.6 7.0 15.1 5.4 13.9 5.8 13.7 1.4 
Soil Cement 
Section 4  
12.4 8.7 13.2 9.0 16.1 7.2 14.5 7.8 14.8 8.8 
Soil Cement 
Section 6 
10.7 9.9 11.2 9.9 12.8 9.9 10.9 9.9 9.9 9.9 
 
 From Table 4.23, COVs of moisture content vary from 1.30% to 13.3%, and from the Table 
4.24, the COVs range from 1.40% to 16.1% for the micro-cracking sections. 
4.3.4 E-Gauge Data Analysis 
 
Like the Nuclear Density Gauge (NDG), the E-Gauge test was also conducted in constructed 
sections at ALF. Only dry density and moisture content are analyzed for location related 
variability. Table 4.25 and 4.26 indicate that the coefficient of variations change from 0.30% to 
4.6% while Table 4.27 and 4.28 indicate the coefficient of variations differ from 0.2% to 10.9%. 
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Table 4.25: Summary of NDG (Dry Density) of the eight constructed sections 
Summary of Location Related Variability 




COV  Avg. 
Dry 
Density 
COV  Avg. 
Dry 
Density 




  pcf % pcf % pcf % pcf % 
Section 1  92.0 1.9 95.7 0.9 93.5 1.2 95.4 1.4 
Section 2  94.4 3.1 100.5 0.9 103.0 1.2 100.2 1.4 
Section 3  94.9 0.8 94.5 1.1 94.2 1.1 95.1 0.7 
Section 4 67.7 0.3 75.2 9.3 69.7 8.9 61.0 4.6 
Section A  76.4 0.1 68.5 1.3 75.9 4.2 74.4 0.3 
Section B  77.8 0.7 77.2 0.5 72.9 4.7 77.5 2.9 
Section C  97.3 1.2 105.5 1.6 132.9 1.5 102.2 2.1 
Section D  98.2 4.3 93.0 0.5 94.2 4.5 92.0 0.2 
 
Table 4.26: Summary of Location Related Variability of E-Gauge (Dry Density) at the three 
sections (Micro-cracking) 
Summary of Location Related Variability 




COV  Avg. 
Dry 
Density 
COV  Avg. 
Dry 
Density  
COV  Avg. 
Dry 
Density 




  pcf % pcf % pcf % pcf % pcf % 
Soil Cement 
Section 1  
145.2 2.9 147.8 1.1 141.5 1.8 124.8 2.5 138.6 1.8 
Soil Cement 
Section 4  
135.3 2.6 152.6 1.5 143.2 1.7 128.6 2.8 128.9 2.0 
Soil Cement 
Section 6 
133.3 1.4 139.3 1.4 133.0 1.4 119.7 1.4 131.7 1.4 
 
Table 4.27: Summary of Location Related Variability of COV of E-Gauge (Moisture Content) of 
the eight constructed sections 
Summary of Location Related Variability 
Material Location 1 Location 2 Location 3 Location 4 
Moisture 
Content  
COV  Dry 
Density 
COV  Dry 
Density 
COV  Dry 
Density 
COV  
  % % % % % % % % 
Section 1  20.8 29.5 19.5 0.8 21.7 4.0 20.6 4.4 
Section 2  21.8 29.5 20.5 0.8 22.8 4.0 21.7 4.4 
Section 3  19.5 2.8 20.1 1.3 19.6 1.6 20.4 1.2 
Section 4 47.3 0.2 43.0 8.9 46.7 8.8 53.1 4.6 
Section A  33.3 1.2 48.0 0.7 37.5 4.4 36.9 0.3 
Section B  27.6 0.8 30.7 0.3 33.1 4.4 30.0 3.0 
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(Table 4.27 continued) 
Summary of Location Related Variability 
Material Location 1 Location 2 Location 3 Location 4 
Moisture 
Content  
COV  Dry 
Density 
COV  Dry 
Density 
COV  Dry 
Density 
COV  
  % % % % % % % % 
Section C  21.8 1.6 12.7 7.8 14.8 6.7 20.5 5.2 
Section D  21.8 4.2 21.3 0.7 24.3 4.5 27.0 0.6 
 
Table 4.28: Summary of Location Related Variability of COV of E-Gauge (Moisture Content) of 
the three constructed sections (Micro-Cracking) 
Summary of Location Related Variability 
Material Location 1 Location 2 Location 3 Location 4 Location 5 
Avg. 
MC 
COV  Avg. 
MC 
COV  Avg. 
MC 
COV  Avg. 
MC 
COV  Avg. 
MC 
COV  
  % % % % % % % % % % 
Soil Cement 
Section 1  
11.3 9.9 11.8 9.9 13.5 9.9 11.5 9.9 9.9 9.9 
Soil Cement 
Section 4  
15.9 8.2 13.7 10.9 15.1 7.2 14.5 7.8 15.9 8.2 
Soil Cement 
Section 6 
13.5 1.4 13.6 1.4 16.9 5.4 13.8 1.4 13.7 1.4 
 
4.4 Analysis of Under-Constructed Field Test  
The under-constructed field tests are performed with the Second Moment statistics, which is 
applied for the Geogauge, the Light Falling Weight Deflectometer (LFWD), the Dynamic Cone 
Penetrometer (DCP), the Nuclear Density Gauge (NDG) and the E-Gauge. There are two under-
constructed sections at LA 98 and one under-constructed at LA 417 on which tests were performed.  
Table 4.29 presents the properties of the three under-constructed sections at LA 98 and LA 417.  
Table 4.29: Properties of the under-constructed sections at LA 98 and LA 417 
Properties Summary of All Under-Constructed Sections 
Section  Properties of the sections 
LA 98 Station 1  Cement Stabilized Base Course Material with 7% 
Cement by Volume LA 98 Station 2  
LA 417  Cement Stabilized Subgrade Material with 10% 




4.4.1 Geogauge and Light Falling Weight Deflectometer (LFWD) 
In order to assess the variability, the Geogauge and the Light Falling Weight Deflectometer tests 
were performed in different locations of the under-constructed sections. While performing 
analysis, the operator and the location related variability are determined instead of the Gauge R & 
R method, which includes the X-Bar/R and the ANOVA since repetitions required to calculate 
operator and specimen related variability exceed the maximum number of repetitions given in the 
chart. 
Table 4.30: Summary of Operator Related Variability of Geogauge 
Summary of Operator Related Variability  
Material 
















  MPa % MPa % MPa % MPa % MPa % 
LA 98 
Station 1 
236.5 29.4 269.7 27.1 246.6 31.5 299.0 25.8 278.4 20.3 
LA 98 
Station 2  
242.3 29.3 281.2 30.6 255.8 34.5 334.1 26.5 285.7 22.5 
LA 417  267.5 24.4 272.0 28.2 246.6 31.5 299.0 25.8 273.3 20.4 
 
 
 Table 4.30 and Table 4.31 indicate that the coefficient of variations (COVs) of the operator 
and the location related variabilities differ from 20.3% to 34.5% and 20.3% to 31.9, respectively. 
The maximum value of the COV is seen for location 3 of LA Station 2, although the minimum 
value of the COV is noticed for location 5 of LA 417. In addition, it is found from the analyses for 
the Geogauge that the COVs from the Second Moment vary from 24.9% to 27.5%.  
In the case of the Light Falling Weight Deflectometer, the coefficient of variations for the 
operator related variability changes from 11.7% to 37.5% whereas the coefficient of variations for 
the location related variability range from 20.0% to 31.8%, which are presented in Table 4.32 and 
4.33, respectively. Moreover, the COVs from the Second Moment for the LFWD change from 
23.5% to 32.8%. 
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Table 4.31: Summary of Location Related Variability of Geogauge 
Summary of Location Related Variability  
Material 
















  MPa % MPa % MPa % MPa % MPa % 
LA 98 
Station 1 282.4 29.1 251.6 25.9 238.4 25.5 284.2 31.7 258.0 20.5 
LA 98 
Station 2  313.2 29.9 244.8 25.5 272.7 31.0 312.6 31.9 245.1 20.4 
LA 417  302.4 25.2 245.1 28.4 241.5 21.6 298.1 26.4 259.9 20.3 
 
Table 4.32: Summary of Operator Related Variability of LFWD 
Summary of Operator Related Variability  
Material 
















  MPa % MPa % MPa % MPa % MPa % 
LA 98 
Station 1 182.9 21.3 208.9 17.4 188.8 21.3 202.2 23.8 143.0 11.7 
LA 98 
Station 2  192.7 24.2 219.4 18.9 198.3 23.1 212.6 24.8 150.2 13.3 
LA 417  214.6 31.2 223.5 35.0 184.8 22.8 227.0 37.5 224.3 34.0 
 
Table 4.33: Summary of Location Related Variability of LFWD 
Summary of Location Related Variability  
Material 
















  MPa % MPa % MPa % MPa % MPa % 
LA 98 
Station 1 188.0 23.2 183.9 22.7 205.8 24.7 152.4 20.0 180.6 23.8 
LA 98 
Station 2  197.7 27.5 192.5 22.7 217.3 25.9 164.7 25.2 186.7 26.8 
LA 417  220.0 31.8 178.8 31.6 272.6 26.9 230.5 18.6 172.3 21.9 
  




Analysis of the Dynamic Core Penetrometer (DCP) has been performed by the FOSM, and as the 
test was conducted at the center of each point, the coefficient of variations are determined for the 
whole station. Figure 4.6 shows the DCPI (mm/blow) profile for LA 98 Station – 1.  
 
 
Figure 4.6: DCPI (mm/blow) Profile of LA 98 Station – 1 
 
 It is observed from Figure 4.6 that the Dynamic Cone Penetrometer has been tested in five 
points of LA 98 Station – 1 where the base layer is about 10 inches. Average values of the DCPI 
(mm/blow) for each point are also presented in the Figure 4.6 where the DCPI (mm/blow) varies 
from 4.4 mm/blow to 7.2 mm/blow for points B and D, respectively. Summary of the coefficient 
of variations (COV) for all stations is shown in Table 4.34 where the maximum and the minimum 
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values of the COV are 29.8% and 15.4%, respectively. The maximum value of COV is seen for 
LA 98 Station 1 whereas the minimum value of the COV is observed for LA 98 Station 2. 
Table 4.34: Summary of Whole Section Variability of the under-constructed sections 
Whole Section Variability 
Stations DCPI Avg. SD COV 
 mm/blow mm/blow % 
LA 98 
Station 1 
5.8 0.9 15.4 
LA 98 
Station 2 
4.1 1.2 29.8 
LA 417 4.8 1.1 23.6 
 
4.4.3 Nuclear Density Gauge (NDG)  
 
Although the Nuclear Density Gauge (NDG) was tested at the center of each point of a station, the 
location relation variability can be applied as measurements were taken three times. Table 4.35 
and Table 4.36 show location related variability of the dry density and the moisture content, 
respectively. 
Table 4.35: Summary of Location Related Variability of COV of NDG (Dry Density) of the 
Under-Constructed Sections 
Summary of Location Related Variability  
Material 
















  pcf % pcf % pcf % pcf % pcf % 
LA 98 
Station 1 
99.5 2.3 99.3 0.8 105.1 0.8 99.1 1.4 99.1 1.4 
(Table 4.35 continued) 
Summary of Location Related Variability  
Material 
















  pcf % pcf % pcf % pcf % pcf % 
LA 98 
Station 2  
101.7 1.4 101.2 0.6 102.3 0.6 106.5 0.4 115.7 1.7 




From the summary of location related variability from Table 4.35 and Table 4.36, it can be 
concluded that the coefficient of variations range from 0.2% to 2.3% and 1.1% to 10.2%, 
respectively. 
Table 4.36: Summary of Location Related Variability of COV of NDG (Moisture Content) of the 
Under-Constructed Sections 
Summary of Location Related Variability 
Material 
















  % % % % % % % % % % 
LA 98 
Station 1 
17.6 3.5 17.8 3.9 13.2 0.8 17.1 3.4 17.1 3.4 
LA 98 
Station 2  
17.0 3.0 18.9 1.1 17.2 1.5 13.8 3.3 17.4 4.9 
LA 417  14.3 2.7 14.3 5.4 15.4 10.2 14.7 9.3 15.3 8.7 
  
4.4.4 E-Gauge Data Analysis  
Tests and analyses performed from the E-Gauge are similar to the Nuclear Density Gauge (NDG). 
Table 4.37 and Table 4.38 show the summary of the coefficient of variations of the dry density 
and the moisture content, respectively. From the summary of Table 4.37 and Table 4.38, the 
coefficient of variations change from 0.10% to 3.7% and 0.9% to 8.2% for dry density and moisture 
content, respectively. The maximum values of the COV of both dry density and moisture content 
are observed for LA 417 and the minimum values of the COV of the dry density and the moisture 
content are found for LA 417 and LA 98 Station 1, respectively. 
Table 4.37: Summary of Location Related Variability of COV of E-Gauge (Dry Density) 
Summary of Location Related Variability  
Material 
















  pcf % pcf % pcf % pcf % pcf % 
LA 98 
Station 1 
105.9 0.3 102.4 0.9 99.3 1.1 105.5 2.1 104.8 1.5 
LA 98 
Station 2  
107.5 1.1 107.4 0.2 107.6 0.7 110.0 1.0 96.5 2.1 
LA 417  116.0 0.3 109.3 3.5 110.7 0.1 101.9 0.3 109.9 3.7 
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Table 4.38: Summary of Location Related Variability of COV of E-Gauge (Moisture Content) 
Summary of Location Related Variability 
Material 
















  % % % % % % % % % % 
LA 98 
Station 1 
15.3 1.4 16.2 0.9 16.6 1.3 15.3 3.0 16.3 3.2 
LA 98 
Station 2  
18.8 1.3 20.7 0.8 20.1 1.0 15.1 1.4 21.5 2.1 
LA 417  3.5 8.2 5.5 4.2 3.6 3.2 3.4 12.0 3.8 1.5 
 
4.5 Analysis of Lab Test Data  
Analyses of lab tests have been performed according to the operator and the specimen related 
variability. Lab test includes the Unconsolidated Undrained (UU), the Atterberg Limit, small direct 
shear, one-dimensional consolidation and the California Bearing Ratio (CBR) tests. 
4.5.1 Unconsolidated Undrained (UU) Test 
 
While performing the Unconsolidated Undrained (UU) test, two types of phenomenon are 
observed for Low PI (PI=11) and Medium PI (PI=21, 31 & 38) to High PI (PI=53). Figure 4.7 and 








Figure 4.8: Bulging Failure of High PI (PI=53) and Medium PI (PI=21, 31 & 38) after test 
 It is seen from Figure 4.7 that the shear failure occurs along the depth of the specimen. This 
phenomenon was observed for all Low PI (PI= 11) soils. Figure 4.8 shows the bulging failure of 
soil, which was seen for Medium PI (PI=21, 31 & 38) and High PI (PI=53) soil. From Table 4.39 
and Table 4.40, variabilities from both the operator and the specimen are analyzed for the UU test. 
The coefficient of variations vary from 1.20% to 10.9% and 3.80% to 17.1% for the operator and 
the specimen related variabilities, respectively. 
Table 4.39: Summary of Operator Related Variability of UU test 
Operator Related Variability  












psf % psf % psf % psf % psf % 
High PI 
(PI=53) 
621.7 1.2 814.3 5.5 845.3 6.9 672.5 9.2 862.4 8.3 
Low PI 
(PI=11) 








2087.8 8.4 2195.3 1.4 2341.1 4.4 2257.2 10.9 2272.2 6.2 
Medium 
PI 3  
1888.6 5.8 1440.0 8.6 1736.9 4.5 1678.3 6.9 1675.2 4.3 
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Table 4.40: Summary of Specimen Related Variability of UU test 
Specimen Related Variability  
Material  Specimen 1 Specimen 2 Specimen 3 
Su, 
Avg.  
COV Su, Avg.  COV Su, Avg.  COV 
psf % psf % psf % 
High PI (PI=53) 748.9 17.1 804.8 14.5 736.0 13.1 
Low PI (PI=11) 3421.8 9.1 3488.5 15.6 3503.5 13.7 
Medium PI 1 (PI=21) 2632.9 3.8 2689.0 10.4 2598.8 10.4 
Medium PI 2 (PI=31) 2244.1 3.8 2228.5 6.5 2219.6 11.0 
Medium PI 3 (PI=38) 1651.9 11.2 1666.0 10.6 1733.6 10.6 
 
4.5.2 Atterberg Limit Test 
The Atterberg limit test was performed by five operators to evaluate the operator related variability 
where every operator prepared three specimens to determine specimen related variability. Table 
4.41 shows the summary of operator related variability. 
Table 4.41: Summary of Operator Related Variability from the Atterberg Limit test 
Operator Related Variability  
Material  Type Operator 1 Operator 2 Operator 3 Operator 4 Operator 5 
Avg. COV Avg. COV Avg. COV Avg. COV Avg. COV 
% % % % % % % % % % 
Low PI 
(PI=11) 
LL 32 1.8 31 3.2 31 3.7 35 1.7 34 7.8 
PL 21 4.8 20 2.8 18 8.6 18 11.4 20 2.9 




LL 42 5.5 41 1.4 43 4.0 41 2.4 39 6.8 
PL 26 5.9 26 7.7 21 2.8 25 18.2 19 6.0 
PI 16 9.8 15 13.6 22 6.8 19 11.9 20 10.6 
High PI 
(PI=53) 
LL 88 4.5 92 2.5 100 4.7 94 1.8 99 4.8 
PL 35 4.4 38 7.6 50 7.1 41 5.0 48 8.6 




LL 55 2.1 48 1.2 50 3.0 52 3.0 49 6.3 
PL 19 3.1 19 7.9 22 5.2 24 2.4 20 8.7 




LL 62 0.9 61 1.9 64 3.6 58 4.6 62 0.9 
PL 30 9.7 30 1.9 30 2.0 28 5.4 31 1.9 
PI 32 8.3 31 4.9 34 6.7 30 10.3 31 1.9 
Note: LL = Liquid Limit, PL = Plastic Limit and PI = Plasticity Index 
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 From Table 4.42, the coefficient of variations of the liquid limit vary from 2.7% to 7.6% 
and the coefficient of variations of the plastic limit differ from 3.7% to 17.2%. Additionally, the 
coefficient of variations of the plasticity index range from 1.7% to 26.4%. 
Table 4.42: Summary of Specimen Related Variability from the Atterberg Limit test 
Specimen Related Variability  
Material  Type Specimen 1 Specimen 2 Specimen 3 
Average  SD COV Average  SD COV Average  SD COV 
% % % % % % % % % 
Low PI 
(PI=11) 
LL 33 2.2 6.6 33 2.2 6.6 32 1.9 5.8 
PL 19 1.8 9.3 20 1.1 5.8 20 2.3 11.7 




LL 42 1.5 3.6 41 2.9 7.0 41 1.5 3.7 
PL 22 3.4 15.6 24 3.4 14.1 25 4.2 17.2 
PI 20 2.6 13.1 17 4.4 26.4 16 3.9 24.6 
High PI 
(PI=53) 
LL 98 7.3 7.4 93 5.8 6.3 94 2.3 2.5 
PL 45 7.5 16.7 41 6.7 16.5 42 5.4 12.9 




LL 52 2.3 4.4 50 2.5 5.0 50 3.8 7.6 
PL 21 2.2 10.6 21 2.7 13.1 21 2.2 10.2 




LL 62 1.6 2.7 60 3.1 5.2 62 2.8 4.5 
PL 30 1.1 3.7 29 1.3 4.6 30 2.2 7.2 
PI 32 2.0 6.3 31 2.4 7.9 32 3.3 10.3 
 
4.5.3 Small Direct Shear Test 
The small direct shear tests were conducted on sand and clay types of soil to determine the operator 
and the specimen related variability. In order to find out the operator and the specimen related 
variability, five operators conducted the tests three times.  
Figure 4.9 shows the shear stress – normal stress plot of sand where the angle of internal 
friction, Φ, has been determined from the slope of the straight line. Figure 4.10 shows the shear 
stress – horizontal displacement plot of sand. Also, it can be found from Figure 4.10 that the shear 
stress increases with the increase of the normal stress. For normal stress 102 psi, the shear stress 
is the greatest, and there is a definite peak found from the maximum normal stress, 102 psi.  
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 Cohesion, C, of soil has been determined from the shear stress – normal stress plot where 
soil cohesion is found from Y axis, which is indicated as shear stress in Figure 4.11. Figure 4.12 
shows the shear stress – horizontal strain plot of Low PI (PI=11) soil.  
 
 




Figure 4.10: Shear Stress Vs Horizontal Displacement Plot 
 






















Shear Stress Vs Normal Stress Plot 























Shear Stress - Horizontal Displacement Plot






Figure 4.11: Cohesion, C Determination for Clay 
 
 
Figure 4.12: Shear Stress Vs Horizontal Displacement Plot 




























Shear Stress Vs Normal Stress Plot 
Cohesion, C =  6.0 psi 
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 From Table 4.43 of the operator related variability, it can be observed that the coefficient 
of variations of cohesion of clay soil range from 5.0% to 19.5% whereas the coefficient of 
variations of the angle of internal friction of sand differ from 0.5% to 1.8%, which is given in 
Table 4.44.  
Table 4.43: Summary of Operator Related Variability of Small Direct Shear test for Clay 
Operator Related Variability  
















psf % psf % psf % psf % psf % 
Low PI 
(PI=11) 












321.6 6.8 321.6 11.3 369.6 12.5 331.2 7.5 379.2 19.5 
High PI 
(PI=53) 
259.2 14.7 220.8 16.4 288.0 10.0 297.6 7.4 254.4 14.2 
 
Table 4.44: Summary of Operator Related Variability of Small Direct Shear test for Sand 
Operator Related Variability  
Material Operator 1 Operator 2 Operator 3 Operator 4 Operator 5 
Avg. φ  COV Avg. φ  COV Avg. φ  COV Avg. φ  COV Avg. φ  COV 
Degree % Degree % Degree % Degree % Degree % 
Sand 31.1 1.8 36.4 0.5 30.3 0.5 35.4 0.9 35.3 0.4 
 
Table 4.45: Summary of Specimen Related Variability of Small Direct Shear test for Sand 
Specimen Related Variability  
Material  Specimen 1 Specimen 2 Specimen 3 
Avg. φ  COV Avg. φ  COV Avg. φ  COV 
Degree % Degree % Degree % 




Table 4.46: Summary of Specimen Related Variability of Small Direct Shear test for Clay 
Specimen Related Variability  










psf % psf % psf % 
Low PI 
(PI=11) 
933.1 5.7 751.7 8.8 901.4 8.9 
Medium PI 1 
(PI=21) 
599.0 10.8 607.7 10.1 622.1 10.0 
Medium PI 2 
(PI=31) 
460.8 9.4 463.7 7.7 411.8 8.4 
Medium PI 3 
(PI=38) 
374.4 15.4 334.1 11.6 325.4 8.6 
High PI 
(PI=53) 
256.3 20.0 267.8 13.5 267.8 14.0 
 
 In the case of the specimen related variability, the coefficient of variations of the angle of 
internal friction and cohesion change from 7.8% to 8.8% and 5.7% to 20.0%, respectively, which 
are presented in Table 4.45 and Table 4.46. 
4.5.4 One Dimensional Consolidation Test  
One dimensional consolidation tests have been conducted on clay specimens ranging from Low 
PI (PI=11) to High PI (PI=53). This test was operated by three operators to check operator related 
variability while every operator conducted this test three time to determine specimen related 
variability. For geotechnical engineering, the significance of this test is to assess the consolidation 
settlement and time required for consolidation of clay soil.  
  Figure 4.13 shows the determination of √t90 and d90 using Tylor’s method. In this method, 





Figure 4.13: √t90 and d90 Determination using Tylor’s Method 
 Table 4.47 shows several steps to calculate the coefficient of consolidation, cv using 
Equation 3.1. It is necessary to mention that the coefficient of consolidation is determined for 
loading steps, which include 0.125 tsf to 16 tsf. Then, the average of the coefficient of 
consolidation is determined. Figure 4.14 shows the calculation of preconsolidation pressure (Pc), 
compression index (Pc) and recompression index (Cr) from the graph. 
Table 4.47: Calculation of The coefficient of Consolidation (cv) of Low PI (PI=11) Soil 














tsf min   inch  in²/min in²/min 
0           
0.125 1.21 0.848 0.372 0.097 
0.095 
0.25 2.56 0.848 0.366 0.044 
0.5 0.81 0.848 0.360 0.136 
1 1.00 0.848 0.352 0.105 
2 0.64 0.848 0.339 0.152 
4 1.21 0.848 0.321 0.072 
8 0.81 0.848 0.299 0.094 
























Pc = 1.5 tsf
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 Table 4.48: Summary of Operator Related Variability of Preconsolidation Pressure (Pc) 
Operator Related Variability (Pc) 










tsf tsf % tsf tsf % tsf tsf % 
Low PI 
(PI=11) 
1.57 0.21 13.3 1.78 0.10 5.8 1.60 0.10 6.3 
Medium PI 1 
(PI=21) 
1.35 0.22 16.1 1.48 0.20 13.6 1.42 0.10 7.3 
Medium PI 2 
(PI=31) 
1.13 0.15 13.5 1.07 0.21 19.5 1.13 0.12 10.2 
Medium PI 3 
(PI=38) 
1.28 0.18 13.7 1.52 0.08 5.0 1.43 0.15 10.7 
High PI 
(PI=53) 
0.65 0.05 7.7 0.68 0.12 16.9 0.48 0.03 6.0 
 
 
Table 4.49: Summary of Specimen Related Variability of Preconsolidation Pressure (Pc) 
Specimen Related Variability (Pc) 










tsf tsf % tsf tsf % tsf tsf % 
Low PI 
(PI=11) 
1.58 0.18 11.1 1.73 0.06 3.3 1.63 0.23 14.1 
Medium PI 1 
(PI=21) 
1.62 0.13 7.8 1.77 0.06 3.3 1.60 0.26 16.5 
Medium PI 2 
(PI=31) 
1.13 0.21 18.4 1.07 0.12 10.8 1.13 0.15 13.5 
Medium PI 3 
(PI=38) 
1.52 0.08 5.0 1.37 0.25 18.4 1.35 0.09 6.4 
High PI 
(PI=53) 
0.65 0.13 20.4 0.55 0.10 18.2 0.62 0.13 20.4 
 
 From Table 4.48 and Table 4.49, the coefficient of variations of preconsolidation pressure 
(Pc) for the operator and the specimen related variability range from 5.0% to 16.9% and 3.3% to 
20.4%, respectively. In addition, from Table 4.48, the maximum and the minimum values of the 
coefficient of variations are seen for Medium PI 1 (PI=21) and Low PI (PI=11), respectively. From 
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Table 4.49, the maximum and the minimum values of COV are observed for High PI (PI=53) and 
Medium PI 3 (PI=38), respectively. 
Table 4.50: Summary of Operator Related Variability of Compression Index (Cc) 
Operator Related Variability (Cc) 










    %     %     % 
Low PI 
(PI=11) 
0.158 0.007 4.4 0.141 0.024 16.8 0.139 0.015 10.6 
Medium PI 1 
(PI=21) 
0.189 0.015 8.1 0.199 0.016 7.9 0.208 0.016 7.7 
Medium PI 2 
(PI=31) 
0.236 0.004 1.9 0.261 0.024 9.3 0.227 0.003 1.4 
Medium PI 3 
(PI=38) 
0.289 0.031 10.5 0.263 0.015 5.7 0.284 0.029 10.2 
High PI 
(PI=53) 
0.448 0.023 5.1 0.414 0.021 5.0 0.377 0.006 1.5 
 
Table 4.51: Summary of Specimen Related Variability of Compression Index (Cc) 
Specimen Related Variability (Cc) 










    %     %     % 
Low PI 
(PI=11) 
0.128 0.024 18.4 0.138 0.015 10.7 0.138 0.015 10.9 
Medium PI 1 
(PI=21) 
0.184 0.014 7.5 0.200 0.006 2.8 0.212 0.013 6.1 
Medium PI 2 
(PI=31) 
0.233 0.002 0.8 0.244 0.021 8.7 0.247 0.030 12.2 
Medium PI 3 
(PI=38) 
0.262 0.021 8.1 0.277 0.027 9.6 0.298 0.021 7.1 
High PI 
(PI=53) 
0.416 0.033 7.9 0.408 0.029 7.1 0.415 0.053 12.8 
 
 From Table 4.50, it is seen that the coefficient of variations of the compression index (Cc) 
for the operator related variabilities are 1.4% to 16.8% whereas the coefficient of variations for the 
specimen related variabilities are 0.8% to 18.4%, which are presented in Table 4.51. 
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Table 4.52: Summary of Operator Related Variability of Recompression Index (Cr) 
Operator Related Variability (Cr) 










    %     %     % 
Low PI 
(PI=11) 
0.021 0.003 11.8 0.022 0.004 18.2 0.016 0.003 16.8 
Medium PI 1 
(PI=21) 
0.032 0.003 9.5 0.030 0.002 7.0 0.035 0.003 9.9 
Medium PI 2 
(PI=31) 
0.041 0.007 16.8 0.038 0.002 5.7 0.042 0.003 7.5 
Medium PI 3 
(PI=38) 
0.058 0.003 5.6 0.064 0.004 6.5 0.068 0.008 12.3 
High PI 
(PI=53) 
0.107 0.013 12.4 0.117 0.009 7.4 0.108 0.008 7.0 
 
Table 4.53: Summary of Specimen Related Variability of Recompression Index (Cr) 
Specimen Related Variability (Cr) 










    %     %     % 
Low PI 
(PI=11) 
0.014 0.001 3.6 0.017 0.002 13.8 0.022 0.001 6.6 
Medium PI 1 
(PI=21) 
0.034 0.006 17.1 0.031 0.001 3.9 0.032 0.002 6.7 
Medium PI 2 
(PI=31) 
0.039 0.003 7.9 0.038 0.002 5.7 0.044 0.005 10.7 
Medium PI 3 
(PI=38) 
0.064 0.009 14.1 0.065 0.006 9.3 0.061 0.007 11.0 
High PI 
(PI=53) 
0.110 0.010 9.4 0.112 0.013 12.0 0.110 0.010 9.2 
 
It is observed from Table 4.52, the coefficient of variations of recompression index (Cr) 
for the operator related variabilities range from 5.6% to 18.2%. In addition, from Table 4.53, it is 
obvious that the coefficient of variations of recompression index (Cr) differ from 3.6% to 17.1%. 
Moreover, from Table 4.52 and 4.53, the maximum values are seen for Low PI (PI=11) and 
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Medium PI 1 (PI=21), respectively, and the minimum values are noticed for Medium PI 3 (PI=38) 
and Low PI (PI=11), respectively.  
From table 4.54, it is apparent that the coefficient of variations for the operator related 
variability differ from 2.3% to 20.9%. Furthermore, the coefficient of variations for the specimen 
related variability range from 8.2% to 30.6%. 
Table 4.54: Summary of Operator Related Variability of The coefficient of Consolidation (Cv) 
Operator Related Variability (Cv) 










in²/min in²/min % in²/min in²/min % in²/min in²/min % 
Low PI 
(PI=11) 
0.101 0.016 15.4 0.127 0.024 19.2 0.147 0.011 7.2 
Medium PI 1 
(PI=21) 
0.161 0.017 10.5 0.197 0.038 19.1 0.168 0.014 8.1 
Medium PI 2 
(PI=31) 
0.118 0.003 2.3 0.108 0.014 13.0 0.120 0.025 20.9 
Medium PI 3 
(PI=38) 
0.116 0.010 8.9 0.194 0.017 8.8 0.166 0.012 7.3 
High PI 
(PI=53) 
0.140 0.017 12.0 0.102 0.020 19.2 0.099 0.008 8.6 
 
Table 4.55: Summary of Specimen Related Variability of The coefficient of Consolidation (Cv) 
Specimen Related Variability (Cv) 










in²/min in²/min % in²/min in²/min % in²/min in²/min % 
Low PI 
(PI=11) 
0.126 0.030 23.5 0.122 0.029 23.9 0.127 0.028 22.0 
Medium PI 1 
(PI=21) 
0.167 0.017 10.0 0.176 0.010 5.5 0.183 0.049 27.0 
Medium PI 2 
(PI=31) 
0.092 0.028 30.6 0.117 0.013 10.9 0.127 0.010 8.2 
Medium PI 3 
(PI=38) 
0.161 0.041 25.5 0.145 0.036 24.9 0.170 0.042 24.5 
High PI 
(PI=53) 
0.127 0.027 21.0 0.115 0.027 23.3 0.100 0.019 18.7 
 .  
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4.5.5 California Bearing Ratio (CBR) Test 
 
The California Bearing Ratio (CBR) test was conducted by five operators to determine the operator 
related variability and on three specimens to evaluate the specimen related variability. To analyze 
data, it was required to correct stress if necessary. From Figure 4.15, it is seen that the adjusted 
origins have been formed from the slope of the curve and then the corrected stresses are found 
from the Y-axis for 0.1 inch and 0.2-inch penetration. Figure 4.15 shows the plot of the CBR test, 




Figure 4.15: Resistance to Penetration (psi) Vs Penetration Plot (inch) 
 
From the summary of Table 4.56 and Table 4.57, the coefficient of variations of the 
operator related variability differ from 5.0% to 15.6%, and from Table 4.38 of the specimen related 
variability, the coefficient of variations vary from 5.7% to 16.0%. Furthermore, from Table 4.56, 
the maximum and the minimum values of COVs are observed for Sand and Kentucky Limestone, 
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respectively. From Table 4.57, the maximum and the minimum values of COVs are seen for RAP 
and Mexican Limestone, respectively. 
Table 4.56: Summary of Operator Related Variability of CBR Test 
Operator Related Variability  
















% % % % % % % % % % 
Kentucky 
Limestone 
43.3 8.1 56.7 6.2 42.0 6.3 49.3 12.2 50.3 5.0 
Mexican 
Limestone 
40.0 6.6 50.3 6.1 39.3 5.3 36.7 4.2 39.3 6.4 
RAP 25.7 11.9 24.0 8.3 23.7 10.6 23.7 10.6 24.3 8.6 
Sand 13.7 11.2 12.7 12.1 11.7 4.9 12.3 4.7 13.3 15.6 
 
Table 4.57: Summary of Specimen Related Variability of CBR Test 
Specimen Related Variability  










% % % % % % 
Kentucky 
Limestone 
46.4 13.9 48.2 11.7 50.4 15.1 
Mexican 
Limestone 
40.8 10.2 40.6 14.6 42.0 16.0 
RAP 23.6 8.8 22.8 5.7 26.4 5.7 

















 CHAPTER 5: APPLICATION OF SPATIAL VARIABILITY IN GEOTECHNICAL 
ENGINEERING DESIGN 
 
5.1 Bearing Capacity of Shallow Foundation  
The implementation of spatial variability in geotechnical engineering can be illustrated by the 
application of a shallow foundation with the following example. In this example, a 6’ x 6’ 
foundation is planned for design with a Factor of Safety (FS) of 3. In this analysis, lab data from 
Unconsolidated Undrained (UU) tests are considered as an input parameter. Geotechnical design 
parameter, which includes undrained shear strength Su (UU) is presented in Table 5.1 while the 
schematic diagram of the example is shown in Figure 5.1. 
The Second Moment statistical design analysis is used in this illustration (Duncan, 2000, 
Onyejekwe 2012), and Vesper 6 software is used for this analysis. 
 
 






















 From the plot of the Semivariogram for the Su (UU) profile presented in Figures 5.2, the 
range of influence (a) and the scale of fluctuation (θ) are 4.2 feet and 3.2 feet, respectively, which 
are presented in Table 5.2. Scale of fluctuation is determined from Table 1 given in Appendix A.  
When the scale of fluctuation is known, the plot of variance reduction factor against influence 
depth below footing for the Su (UU) profile was developed by assuming hypothetical lengths 














 for L/θ > 1/2               5.1a 
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Γ2(L)=1  for L/θ < 1/2               5.1b 
 
Table 5.2: Calculation of Scale of Fluctuation 
Spherical Model 
Range of influence, a  4.2 ft 
Scale of fluctuation, θ  3.2 ft 
 
 The plots of the variance reduction factor against averaging length for Su (UU) is presented 





Figure 5.3: Variance Reduction Factor 
 




=1.3 c'Nc+qNq+0.4γNq                5.2 
where c’ = cohesion, q = effective stress at the level of the bottom of the foundation, γ = unit 
weight of soil and Nc,Nq,Nq = bearing capacity factor 
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 The parameter considered here is Su (UU) for total stress analysis. For the total stress 
computations, φ’ was zero, and the mean least value (MLV), MLV plus 1 standard deviation 
(Stdev), and MLV minus 1 Stdev values of q
u
 are analyzed using new standard deviation. 
Computation of the new standard deviation is presented in Table 5.3. The MLV, MLV plus 1 
standard deviation (Stdev), and MLV minus 1 Stdev values of q
u
  are presented in Tables 5.4 for 
the second moment and the spatially averaged values, respectively. Furthermore, Table 5.4 
presents the ultimate bearing capacities for the MLV, MLV plus 1 standard deviation (Stdev), and 
MLV minus 1 Stdev, for total stress analyses. 






























 For the determination of the reliability assessment, the ultimate allowable bearing capacity 
for the MLV, Qall(MLV) is assumed as the applied stress, Qapp. The values in Table 5.4 were 
computed using the following formulas: 
#1 - 4: computed from the generalized bearing capacity Equation  
#5: FS = Qult / Qapp 
#6: ΔFS = FSmax – FSmin 




; Standard deviation of FS 
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#8: vFS = (σFS / FSMLV); The coefficient of variation of FS 
Pf  : obtained from standard lognormal Table [using FSMLV and vFS (%)], which is given in 
Appendix A. 
Table 5.4: Probability of Failure Calculation 
# Property MLV [+1] Stdev [-1] Stdev MLV [+1] Stdev [-1] Stdev 
    Su - Second Moment Su - Spatially-Averaged  
1 qult (psf) 20220.3 22119.9 18320.6 20220.3 21667.0 18773.5 
2 qall (psf) 6740.1 7373.3 6106.9 6740.1 7222.3 6257.8 
3 Qult (lbs) 727929.4 796317.9 659540.9 727929.4 780012.5 675846.3 
4 Qall (lbs) 242643.1 265439.3 219847.0 242643.1 260004.2 225282.1 
5 FS 3.00 3.28 2.48 3.00 3.21 2.60 
Summary  
6 ΔFS 0.8     0.6     
7 σFS 0.3986     0.3076     
8 VFS 0.1329 13.3% Pf = 0 0.1025 10.3% Pf = 0 
 
 From Table 5.4, it is found that including variability into bearing capacity analysis reduces 
COV. Here, the calculated probability of failure is zero but from the lognormal probability Table 
2 given in Appendix A, it can be found that if COV decreases, the probability of failure also 
decreases. Hence, it can be summarized from Table 5.4 that incorporating variability into bearing 
capacity of shallow foundations reduces both COV and probability of failure. 
5.2 Critical Factor of Safety of Slope Stability  
Shear strength parameters of soil are taken in consideration for analysis of critical factor of safety 
of slope stability. Shear strength parameters used in this analysis are from Unconsolidated 
Undrained (UU) test of clay soils ranging from Low PI (PI=11) to High PI (PI=53). The other 
parameters required to design lane width, shoulder width, vehicle load (live load), load from the 
concrete slab (dead load), among others are followed from the American Association of State 
Highway and Transportation Officials (AASHTO) standard guidelines. Figure 5.4 shows 
AASHTO HS20-44 Axle Load. 
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 For this analysis, AASHTO HS20-44 Axle Load is considered where the maximum load 
coming from the axle is 32,000 lbs. So, the maximum point load coming from wheels on the lane 




Figure 5.4: AASHTO HS20-44 Axle Load 
 
 
Figure 5.5: Minimum Distance for Application of Wheel Load 
 
 In order to apply the point of load coming from the wheel, the minimum distance of point 
load from the curb should be at least 2 feet, which is presented in Figure 5.5. In this analysis, as 
the minimum lane width is considered to be 12 feet, the point load of 3 feet from the curb is chosen 
for assuring symmetry of the live load.   
119 
 
Figure 5.6 shows the schematic diagram of slope analysis where the angle and critical 
height of the slope are assumed to be 45 degree and 10 feet, respectively.  
 
 
Figure 5.6: Schematic Diagram of Slope Analysis 
 
 Geostudio 12 software is used for this analysis. There are several methods that could be 
considered for slope stability analysis. But most of them didn’t include both force and moment 
equilibrium. Although Morgenstern-Price or Spencer methods include both moment and force 
equilibrium, the Morgenstern-Price method is chosen for this analysis. From the analysis, it is 
observed that slope failure has occurred for each type of soil. Figure 5.7 shows the critical factor 








Figure 5.7: Critical Factor of Safety Analysis Using GeoStudio 12 Software 
 
Table 5.5: Summary of Critical Factor of Safety of Clay Soils 
Analysis with Su Value  
  Constant FS Probabilistic FS 
Material  Average Critical FS Mean FS SD of FS COV 
Su         
  psf       % 
Low PI (PI=11) 3471.3 3.48 3.48 0.45 13.0 
Medium PI 1 (PI=21) 2640.2 2.66 2.66 0.22 8.3 
Medium PI 2 (PI=31) 2230.7 2.26 2.26 0.16 7.3 
Medium PI 3 (PI=38) 1683.8 1.72 1.72 0.18 10.3 
High PI(PI=53) 763.2 0.76 0.76 0.12 15.6 
 
 From Table 5.5, critical factor safety decreases from 3.48 (Low PI, PI =11) to 0.78 (High 
PI, PI=53) (Unstable is defined as less than 1), and COVs range from 7.3 % to 15.6%, which 
doesn’t follow any chronological order.  
5.3 Consolidation Settlement  
The application of spatial variability for settlement analysis of a geotechnical structure can be 
illustrated with the following example. In this example a 5’ x 5’ foundation is considered for 
consolidation settlement. For any engineering structure, it is mandatory to determine consolidation 
settlement if a clay layer exists below the proposed foundation. To calculate consolidation 
settlement, it is necessary to know whether the clay layer is over-consolidated or normally 
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consolidated. In this analysis, lab data of the one-dimensional consolidation test are assumed to be 
as input parameters. The schematic diagram of the example is shown in Figure 5.8. The second 




Figure 5.8: Schematic Diagram of Shallow Foundation for Settlement Analysis 
 In order to determine the consolidation settlement, there are several parameters that need 
to be considered. Table 5.6 shows the input parameters to calculate consolidation settlement.  
Table 5.6: Input Data to Calculate Primary Settlement 
Input  
Ƴsand 103.0 pcf 
Ƴsat(low PI(PI=11)) 120.0 pcf  
Ƴsat(sand) 110.0 pcf  
Depth of 1st Sand Layer  10.0 feet 




Ƴsand 103.0 pcf 
Ƴsat(low PI(PI=11)) 120.0 pcf  
Ƴsat(sand) 110.0 pcf  
Depth of 1st Sand Layer  10.0 feet 
Depth of Clay Layer  9.0 feet 
Location of Ground Water Table  10.0 feet 
Distance between GWT and Footing  5.0 feet 
Ƴwater 62.4 pcf  
Footing Length, L 5.0 feet 
Footing Width, B 5.0 feet 
Applied Load  200.0 kips 
Pressure of Footing due to 200 kips, qo 8.0 ksf 
 
 The Equation required to calculate the average increase in overburden pressure due to 200 




                   5.3 
 From results of the one-dimensional consolidation test, it is found that pre-consolidation 
pressure is about 3300 psf, and from Table 5.7, the total pressure is 2240.45 psf, which is less than 
the pre-consolidation pressure. So, the clay soil is over-consolidated, and the equation required to 
calculate consolidation settlement for over-consolidated clay is given in Equation 5.4.   
Table 5.7: Calculation of Total Pressure for Primary Settlement 
Output 
Effective Overburden Pressure at the Mid of Clay 
Layer, σo´ 
1289.2 psf  
Average Increase in Overburden Pressure due to 200 
kips load, Δσ´ 
951.249 psf  
Total Pressure (σo´+Δσ´) 2240.45 psf  
Preconsolidation Pressure, Pc 3300.00 psf  











 Using Equation 5.4, calculation of primary consolidation settlement is presented in Table 




considered as a separate layer. Swelling (Cs) or recompression index (Cr) is used to determine the 
primary consolidation settlement of clay layer. After determination of primary settlement, the plot 
of the Semivariogram for the Cr profile is required to analyze for the range of influence (a) and 
the scale of fluctuation (θ). The range of influence is determined using Semivariogram plot, which 
is shown in Figure 5.9, and the corresponding scale of fluctuation is determined using equation 
given in Appendix A. The range of influence (a) and the scale of fluctuation (θ) are 2.5 feet and 
1.9 feet, respectively, which are presented in Table 5.9. Knowing the scale of fluctuation, the plot 
of variance reduction factor against the depth of clay layer below sand for the Cr profile was 
developed along the depth of clay layer below the sand. Equation 5.1 was adopted for the 
development of variance reduction factor.   
Table 5.8: Calculation of Primary Settlement 
Material  Cs or Cr Settlement, S 













Table 5.9: Calculation of Scale of Fluctuation 
Spherical Model 
Range of influence, a  2.5 feet 







Figure 5.9: Semivariogram from Cr Data 
 The plots of the variance reduction factor against the depth of clay layer below sand for Cr 









 The mean least value (MLV), MLV plus 1 standard deviation (Stdev), and MLV minus 1 
Stdev values of the settlement are analyzed using the new standard deviation, which is presented 
in Table 5.10. For the second moment and the spatially-averaged values, the MLV, MLV plus 1 
standard deviation (Stdev), and MLV minus 1 Stdev values of the settlement are presented in 
Tables 5.11, respectively. In addition, Table 5.11 presents ΔS, which is the change in the values 
of the MLV plus 1 standard deviation (Stdev) and MLV minus 1 Stdev.  















inch inch Inch 















 After determination of ΔS, standard deviation is calculated by the square root of ΔS and 
COV is calculated by MLV and standard deviation (SD). With COV and 1% probability, 
settlement ratio (SR) is determined from Table 3 given in Appendix A. Then possible settlement 
is analyzed with Equation s 5.5 and 5.6. Calculation of possible settlement for second moment and 
spatially-averaged is provided in Table 5.11. 
SR = (Possible Settlement) / (Most Likely Settlement)            5.5 






Table 5.11: Calculation of Possible Settlement for 1% Probability 
# Property Settlement - Second Moment 
MLV [+1] Stdev [-1] Stdev ΔS SD COV 
1 Settlement 0.26 0.29 0.22 0.06 0.03 13% 
2 SR for 1% Probability 1.35 
3 
Possible Settlement for 
1% Probability (inch) 
0.34 
4  Settlement – Spatially Averaged 
MLV [+1] Stdev [-1] Stdev ΔS SD COV 
5 Settlement 0.26 0.28 0.23 0.050 0.03 10% 
6 SR for 1% Probability 1.26 
7 
Possible Settlement for 
1% Probability (inch) 
0.32 
 
 From Table 5.11, it can be concluded that the possible settlement of spatially-averaged is 
less than possible settlement of the second moment. The interpretation of possible settlement is 
that there is a 1% chance that the ultimate settlement for specially-averaged could be larger than 
(1.26) * (0.26 inch) = 0.32 inch, which is less than possible settlement (1.35) * (0.26 inch) = 0.34 


















CHAPTER 6: AMRL DATA ANALYSIS 
6.1 Combined Variability from AMRL and Lab Data  
Analyses of combined variability can be determined using different statistical techniques. It is 
simple to calculate the coefficient of variations (COVs) when average value and standard 
deviations are given from a data set. When it is required to combine different data sets, combined 
average can be measured using Equation 6.1.   
Average, x = 
x1 * n1+x2 * n2+ x3 * n3+… xn * nn 
n1+n2+n3+…nn 
   
 When it is required to measure the combined standard deviation of a different population, 
samples are taken from each population to measure pooled variance. The standard deviation 
derived from pooled variance indicates combined standard deviation. Pooled variance can be 

















 AMRL and lab test data are required to analyze for combined variability. To measure 
combined variability, there are three group of data sets indicating sample 1, sample 2 and sample 
3. AMRL data are composed of sample 1 and sample 2 whereas lab test data is incorporated with 
sample 3. AMRL data rages from 2016-17 to 2009-10. Atterberg Limit and CBR tests are analyzed 
for combined variability.  
 At first, the total sample mean is determined by applying Equation 6.1. Sample standard 
deviation is measured from pooled variance from Equation 6.2. Combined variability is then 
calculated and expressed in terms of the coefficient of variations (COV). Table 6.1 shows the 










AMRL Data 2016-17 Lab Test Data Combined 












Avg. SD Avg. SD COV 








1588 18.8 1.3 1588 18.8 1.3 15 19.5 1.7 18.8 1.3 6.7 
 
Table 6.2: Summary of COVs of Atterberg Limit Test 
Year  Low PI 
(PI=11) 
Medium PI 1 
(PI=21) 
Medium PI 2 
(PI=31) 
Medium PI 3 
(PI=38) 
High PI  
(PI=53) 
LL PL LL PL LL PL LL PL LL PL 
COV COV COV COV COV COV COV COV COV COV 
% % % % % % % % % % 
2016-
17 
4.3 6.7 4.3 6.8 4.3 6.8 4.3 6.7 4.4 7.0 
2015-
16 
5.2 7.0 5.2 7.2 5.2 7.1 5.2 7.0 5.3 7.5 
2014-
15 
7.4 8.5 7.4 8.6 7.4 8.5 7.4 8.4 7.4 8.9 
2013-
14 
6.6 9.2 6.6 9.2 6.6 9.2 6.6 9.1 6.6 9.4 
2012-
13 
5.9 7.8 5.9 8.0 5.9 7.9 5.9 7.8 6.0 8.2 
2011-
12 
6.6 7.5 6.6 7.6 6.6 7.5 6.6 7.5 6.7 8.0 
2010-
11 
7.7 7.4 7.7 7.5 7.7 7.4 7.7 7.4 7.7 7.9 
2009-
10 
8.3 8.0 8.3 8.2 8.3 8.0 8.3 8.0 8.4 8.6 
*LL = Liquid Limit, PL = Plastic Limit and PI = Plasticity Index  
 From Table 6.2, it is observed that COVs for liquid limit (LL) are the lowest and the 
greatest for 2016-17 and 2009-10, respectively, and COVs vary from 4.3% to 8.3% for the liquid 
limit. Moreover, COVs of the plastic limit (PL) are minimum and maximum for 2014-15 and 2013-
14, respectively whereas COVs range from 7% to 9%. 
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COV COV COV COV COV COV COV COV 
% % % % % % % % 
2016-
17 
33.3 22.9 33.2 22.9 33.0 22.7 33.1 22.8 
2015-
16 
33.9 24.2 33.8 24.1 33.6 24.0 33.7 24.0 
2014-
15 
33.1 24.3 31.9 28.5 30.4 28.1 30.4 28.2 
2013-
14 
31.5 30.0 31.4 29.9 31.1 29.6 31.2 29.7 
2012-
13 
34.9 32.9 34.8 32.4 34.4 32.0 33.7 31.3 
2011-
12 
27.3 26.2 27.2 26.0 27.0 25.7 26.9 25.8 
2010-
11 
31.8 30.5 31.7 30.3 31.5 24.6 31.6 24.7 
2009-
10 
16.8 24.7 16.8 24.5 16.8 24.3 16.5 24.3 
 
 In Table 6.3, the coefficient of variations are presented for different types of materials 










CHAPTER 7: SUMMARY AND CONCLUSIONS, AND RECOMMENDATIONS 
7.1 Summary and Conclusions  
The objective of this research study is to evaluate the variability among the box, field and 
laboratory tests conducted on different soil types and properties. Different devices were used and 
run by five operators in order to evaluate soil variability. In the cases of box and field tests, 
variabilities were induced from operator and location, whereas for laboratory tests, variabilities 
were caused by operator and specimen. Several statistical techniques such as the X-Bar/R, the 
Analysis of Variance (ANOVA) and the Second Moment (SM) were applied to analyze variability, 
although the X-Bar/R and ANOVA couldn’t be applied for all cases due to the absence of either 
repeatability or reproducibility. In those cases, only the Second Moment (SM) method was 
appropriate to analyze variability.  
 While comparing the variabilities among the devices, the box and field tests showed a range 
values of coefficient of variations. In the case of the box test, the coefficient of variations (COVs) 
of the Geogauge varied from 5.8% to 15.3% for the X-Bar/R method, whereas the COVs ranged 
from 7.4% to 18.1% for the ANOVA method. The COVs ranged from 7.4% to 14.3% and 8.2% to 
24.4% for the X-Bar/R method and the ANOVA method, respectively, for the Light Falling Weight 
Deflectometer (LFWD). In the case of Dirt Seismic Portable Analyzer (D-SPA), the COVs differed 
from 4.2% to 9.6% for the X-Bar/R method; while the COVs varied from 6.7% to 15.4% for the 
ANOVA method. However, the ranges of the coefficient of variations of Geogauge, LFWD, and 
D-SPA devices evaluated using for the Second Moment (SM) method were 6.7% to 15.6%, 10.9% 
to 20.8% and 5.9% to 10%, respectively. While comparing the operator and the location related 
variability of the Dynamic Cone Penetrometer Index (DCPI), it was found that the COVs range 
from 2.1% to 16.4%, and 1.6% to 16.4%, for the operator and the location related variability, 
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respectively. In the case of the Nuclear Density Gauge (NDG), the COVs ranged from 0.5% to 
4.2% and from 2.4% to 25.1% for the dry density and the moisture content, respectively. The 
COVs ranged from 0.4% to 8.2% and from 1.8% to 18.8% for the dry density and for the moisture 
content, respectively, when analyzing data using the E-Gauge device. 
 The field tests performed by different devices were grouped into the constructed and the 
under-constructed sections. In the case of the constructed sections tested at the Accelerated 
Loading Facility (ALF), the COVs of the Geogauge varied from 7.7% to 21.0% using the X-Bar/R 
method, whereas the COVs ranged from 11.4% to 21.6% using the ANOVA method. The COVs 
ranged from 7.3% to 20.3% and from 8.2% to 18.9% for the X-Bar/R method and the ANOVA 
method, respectively, for the LFWD. In addition, when analyzing data with the Second Moment 
method, the ranges of the coefficient of variations of the Geogauge and the LFWD were 11.1% to 
20.2% and 7.5% to 16.7%, respectively.  Moreover, when comparing the operator and the location 
related variabilities of the DCPI, it was found that the COVs ranged from 6.3% to 20.3%, and 
2.6% to 20.5%, respectively. The COVs ranged from 0.6% to 2.9% and from 0.2% to 10.9% for 
the dry density and the moisture content, respectively, using the Nuclear Density Gauge (NDG) 
device. In the case of the E-Gauge device, the COVs differed from 0.30% to 4.6% and from 0.2% 
to 10.9% for the dry density and the moisture content, respectively.  
 Field tests were performed in three different under-constructed sections at the LA highway. 
The devices used for the under-constructed sections were the same as that used at the constructed 
sections tested at ALF. The result showed that the coefficient of variations (COVs) of the 
Geogauge varied from 20.3% to 34.5% and from 20.3% to 31.9% for the operator and the location 
related variabilities, respectively. When assessing data for the LFWD, the COVs ranged from 
11.7% to 37.5% and from 20.0% to 31.8%, for the operator and the location related variabilities, 
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respectively. In addition, the ranges of the COVs for the Geogauge and the LFWD devices using 
the Second Moment method were 24.9% to 27.5% and 23.5% to 32.8%, respectively.  Moreover, 
when analyzing the DCPI for the whole section, it was found that the COVs range from 15.4% to 
29.8%. The COVs ranged from 0.2% to 2.3% and from 1.1% to 10.2% for the dry density and the 
moisture content, respectively, for the Nuclear Density Gauge (NDG). In the case of the E-Gauge, 
the COVs ranged from 0.10% to 3.7% and from 0.9% to 8.2% for the dry density and the moisture 
content, respectively.  
 The box tests were conducted on twelve different types of soil materials in which each 
layer of the specific material was compacted at the target optimum moisture content and maximum 
dry density. Therefore, the box tests were considered as control compacted sections. Since the box 
tests were performed in the LTRC-GERL lab, the coefficient of variations (COVs) from the 
Second Moment were relatively lower than the COVs from the field tests. Besides, the COVs from 
the Second Moment were comparatively smaller than the COVs from ANOVA method, regardless 
of conducting the test in the box or at the field. When comparing the COV values between the 
constructed and the under-constructed field tests, it was found that the COVs of the under-
constructed sections at LA highway were higher than those for the constructed sections at ALF. In 
addition, the location related variations showed higher COV values than the operator related 
variations for both the box and field tests; while upper COVs limits were considered for 
comparison between the location and operator related variabilities. However, the COVs of the 
specimen related variability showed higher values than the operator related variability in the case 
of lab tests.  
 With respect to examples of geotechnical engineering applications, the results showed that 
the variability of different lab tests has significant importance on analyzing the geotechnical 
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structures. It was found that incorporating variability in the bearing capacity analysis of shallow 
foundations reduced the probability of failure. Moreover, the inclusion of variability in slope 
stability analysis for different types of soils indicated that the coefficient of variations did not 
follow similar trend as the critical factor of safety, in which the critical factor of safety was 
maximum and minimum for the Low PI (PI=11) and the High PI (PI=53) soils, respectively. For 
analysis of consolidation settlement problem, it was found that the integration of variability in 
analyzing settlement ratio for a specific probability yielded lower bound of possible settlement.    
7.2 Recommendations  
• In this study, only twelve soil materials were used for the box tests to evaluate the 
variability among operators and locations. More materials can be tested in the box for 
further analysis to quantify variability.  
• It is recommended to increase the size of the test box, since increasing the box size will 
increase the number of locations.  
• An additional research effort is recommended by constructing more large scale test sections 
at the Accelerated Loading Facility (ALF) using different soil types.   
• Only three under-constructed sections of LA highway were tested for the evaluation of 
variability. It is recommended that future study to include more built sections to better 
investigate variability among operators and locations.  
• As remolded specimens were used for this study, there could be a scope in future research 
to include Shelby-tube specimen to evaluate variability for different lab tests. 
•  As application of variability has been carried out for the bearing capacity of shallow 
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APPENDIX A: TABLES RELATED TO ANALYSIS 
Table 1: Relationship between Range of Influence and Scale of Fluctuation (Duncan 2000) 
 
 
Table 2: Probability Chart for Bearing Capacity Analysis (Duncan 2000) 
 
 





Table 4: d2 and d2
*  Chart (Measurement System Analysis Manual, 4th Edition) 
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